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Recently the use of treated wastewater for groundwater recharge and indirect potable 
water reuse has been initialized worldwide. However, the presence of wastewater-
derived contaminants, especially endocrine disrupting chemicals (EDCs), in treated 
effluent and the receiving aquatic environment has caused great consumer concern due 
to their potential health risk. Membrane technology such as nanofiltration (NF) and 
reverse osmosis (RO) are likely to play an important role in removal of those 
pollutants.  
 
A laboratory-scale crossflow membrane filtration system was used to investigate the 
effect of other dissolved organic matter (DOM) on the rejection of steroid hormone 
estrone in complicated water matrix during NF/RO membrane separation processes.  
 
In single-organic solution, the initial excellent removal performances of all the 
membranes could be attributed to their adsorption capabilities and steric hindrance, 
while when the adsorption of estrone into membrane reached equilibrium, size 
exclusion would become the overriding removal mechanism. In addition, water 
chemistry (such as pH, ionic strength (IS) and Ca2+ ion concentration) was found to be 
important in determining the extent of estrone rejection at later stage of filtration. 
Higher estrone rejection was observed at pH 10.4, higher IS and Ca2+ ion concentration.   
 
In natural organic matter (NOM)-containing solutions, estrone rejection depended on 
the type of NOM co-present in a feed matrix. Dextran without aromatic functional 
  vii
groups showed little effects on the fate and transport of estrone during nanofiltration 
processes. In contrast, the presence of humic acid (HA) with great aromaticity 
improved estrone adsorption on membrane significantly, while the improvement in 
estrone rejection was limited. The “enhancement effect” of HA on estrone adsorption 
and rejection was observed under all the pH conditions investigated in this study, with 
the greatest “enhancement effect” at pH 4. Moreover, the influence of HA on the fate 
and transport of estrone during filtration process was observed to be less noticeable 
with elevation of Ca2+ ion concentration in feed solution. In addition to pH and Ca2+ 
ion concentration, IS in feed solution played a critical role in HA effect. Less 
noticeable “enhancement effect” of HA on estrone adsorption and rejection was 
observed at higher IS. 
 
In treated effluent, estrone removal efficiencies were consistently higher than the 
results obtained in single-organic solution. To elucidate how the effluent organic 
matter (EfOM) affect the target estrone removal more clearly, investigations were then 
conducted on the effect of specific organic fraction isolated from secondary effluent on 
estrone removal in solutions. Results showed that the highest “enhancement effect” on 
estrone rejection was associated with the presence of hydrophobic acid (HpoA) 
fraction which possessed phenolic groups and high aromaticity. Furthermore, the 
“enhancement effect” of HpoA was depended on the feed water chemistry. The 
strongest enhanced effect on estrone rejection was observed at pH 10.4 and 100 mM 
NaCl. However, the presence of Ca2+ ion tended to diminish the “enhancement effect” 
of HpoA on estrone rejection. 
      
Keywords: Nanofiltration (NF), Reverse Osmosis (RO), Endocrine Disrupting 
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Fresh water is a scarce resource worldwide and its availability is further limited by 
water pollution problems induced by various forms of human activities. To resolve the 
problem with the shortage of fresh water supply, reclaiming wastewater has recently 
become a viable way to augment drinking water resources in order to meet the 
increasing demand for water caused by population and economic growth. However, 
emerging contaminants potentially present in treated wastewater have been recieving 
public concern in relation to the potential health risk associated with reclaimed water, 
especially in the case of direct or indirect potable reuse.  
 
Endocrine disrupting chemicals (EDCs) are among the new emerging contaminants 
that are receiving considerable attention in water reclamation. EDCs are defined as 
‘exogenous substances that cause adverse health effects in an intact organism, or its 
progeny, secondary to changes in endocrine function’ (Fawell et al., 2001). From the 
evidences observed in wildlife studies, animal experiments, laboratory cell tests and 
human observations, it has been suggested that these compounds may affect human 
reproductive system via food and drinking water. These adverse effects include the 
development of hormone-dependent cancers, disorder of reproductive tract, decreased 
levels of sperm production and compromised reproductive fitness (Ternes et al., 1999; 




In planning for wastewater reclamation and reuse, one needs to be aware of the health 
effect of EDCs potentially present in the treated wastewater as conventional 
wastewater treatment processes may not be able to adequately remove them. 
Commonly reported EDCs in reclaimed waters include synthetic compounds such as 
contraceptive drug ethinylestradiol, surfactant degradation products nonylphenols (NP) 
and octylphenol (OP), pesticides, industrial chemicals and natural compounds such as 
phytoestrogens and natural steroid hormones (estradiol and estrone). Amongst them, 
some are estrogenic in nature. Estrogenicity in wastewater effluents and surface water, 
where feminization of male fish was observed, has been reported in many countries, 
such as USA, Australia, and Germany (Baronti et al., 2000; Johnson, 2001; Ternes et 
al., 1999).  
 
Different advanced technologies have been applied or are being developed to minimize 
the discharge of EDCs into aquatic environment. These technologies include 
adsorption on activated carbon, oxidation processes, photo degradation and membrane 
separation. Among them, membrane processes employing nanofiltration (NF) and 
reverse osmosis (RO) have been widely used in water reclamation to remove 
micropollutants. It has been found that NF/RO is a promising technology to remove 
organics from water environment, especially for those organics with very low 
concentration (Berg et al., 1997; Duranceau et al., 1992; Kiso et al., 2001a). More 
specifically, some studies (Agbekodo et al., 1996; Devitt et al., 1998; Kimura et al., 
2003b; Kimura et al., 2004; Ng and Elimelech, 2004; Ngiem et al., 2004a; Ngiem et 
al., 2004b; Schäfer et al., 2003; Yoon et al., 2004; Yoon et al., 2006) have 
demonstrated the rejection of EDCs using NF/RO membrane separation processes. It 
has been noted that the physicochemical properties of EDCs, such as molecular weight 
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(MW), hydrophobicity and polarity, play important roles in the rejection of EDCs. 
Moreover, membrane properties, such as material, charge and pore size distribution on 
surface, have significant effects on EDCs removal. Rejection of EDCs also depends on 
solution chemistry, such as pH and ionic strength (IS). In addition, presence of natural 
organic matter (NOM) or effluent organic matter (EfOM) also affects the removal of 
EDCs. A detailed literature review regarding the factors influencing trace EDCs 
removal by membrane technology will be provided in the next chapter. 
 
Although interest in EDCs removal by membrane technology has been increasing in 
recent years, studies on the removal mechanism of EDCs by NF/RO membrane 
process are rather limited. Most of the available studies on EDCs rejection were 
conducted in single-organic solution. However, results obtained from a single-organic 
solution cannot be extrapolated to a real water matrix with the presence of other 
dissolved organic matters (DOM). In addition, removal of EDCs from real water 
matrix, especially secondary effluent, prior to water reuse is of paramount importance, 
because augmentation of water supply by wastewater reclamation has recently 
gathered substantial momentum (Nghiem et al., 2005). Although several investigations 
have been conducted on the effects of NOM and EfOM on the removal of EDCs by 
membrane (Agbekodo et al., 1996; Nghiem et al., 2004b; Yoon et al., 2004), the 
different and even contradictory experimental results indicate that the rejection 
mechanism of EDCs in water with the presence of other DOM is very complex. This 
complex removal mechanism is probably because of the heterogeneous mixture of 
DOM in real water matrix. To date, the intricate relationships among the 
characteristics of DOM, the solution chemistry and membrane performance on EDCs 
rejection are still poorly understood. Consequently, available information regarding the 
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fundamental removal mechanisms of trace EDCs by NF/RO membrane in real water 
matrix is still scarce. A few examples will be given below to briefly illustrate the 
problems mentioned above.   
 
1.2 Problem Statement 
It is well known that the interaction between target EDC and membrane in a single-
organic solution influences the rejection of the target EDC by membrane. However, in 
the solution with the presence of other DOM, two kinds of interactions take place in 
the whole solution-membrane system along with the interactions between target EDC 
and membrane (Figure 1.1). They include the interactions between other DOM and 
target EDC and the interactions between other DOM and membrane. How these two 
kinds of interactions influence the interaction between target EDC and membrane is 
vital to the removal of target EDC. These interactions are complex and the transport of 
trace EDCs across NF/RO membranes in the solution containing other DOM is an 
interesting topic, which is thus far not well understood. Some scientists have raised 
various speculations. For example, Agbekodo et al. (1996) assumed that the 
complexation between target EDC and NOM led to an increase in the molecular 
weight and an appearance of negative charges and thus an increased level of rejection 
of target EDC by negatively charged membrane. However, there is a lack of specific 
and concrete evidence to support this speculation. Further studies are needed to 
illustrate this issue.  
 
The two kinds of additional interactions mentioned above are definitely affected by the 
physicochemical characteristics of other DOM. Therefore, the characteristics of other 
DOM are expected to affect the removal of target EDC. For instance, several studies 
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have been conducted on the effect of other DOM on target EDC removal by membrane, 
but they showed different results. Some studies (Agbekodo et al. 1996; Devitt et al. 
1998; Nghiem et al., 2004b; Yoon et al. 2004) demonstrated that the presence of other 
DOM could improve the target EDC removal while others (Bellona et al., 2004; Yoon 
et al., 2004) presented deteriorated results. This is probably due to the different 
characteristics of DOM used in the different studies. Therefore, study into the effects 
of DOM characteristics on target EDC removal is valuable. Some researches 
(Childress and Elimelech, 1996; Cho et al., 2000; Hu et al., 2003; Yamamoto et al., 
2003; Yamamoto and Liljestrand, 2003) have been devoted to the effects of DOM 
characteristics on either the interaction between DOM and membrane or the interaction 
between DOM and target EDC. However, little information is available on the intricate 
relationship between the characteristics of DOM and NF/RO membrane performance 
on target EDC removal. Systematic studies on the influence of DOM with various 
characteristics on the rejection behaviour of EDCs by NF/RO membranes are desirable. 
This kind of studies is important for determining EDCs rejection in real water matrix 









Moreover, it is known that solution chemistry, such as pH and ionic strength (IS) and 
presence of Ca2+ ion plays a significant role in affecting the characteristics of DOM, 
dissociated state of EDCs as well as the charge of membrane. Therefore, it is expected 
that solution chemistry would affect all kinds of interactions mentioned above and thus 
the effect of DOM on target EDC removal by membrane. Devitt et al. (1998) reported 
that a higher IS tends to decrease the ‘enhancement effect’ of NOM on the removal of 
atrazine by NF membrane. However, their results were based on short-term studies 
using dead-end stirred cell filtration unit and thus cannot demonstrate the membrane 
performance in a cross-flow filtration during long-term operation. Therefore, the 
studies on how the solution chemistry influences the effect of DOM on the removal of 
trace EDCs by NF/RO membranes are still limited and needed to be further performed. 
 
In brief, although there are some reports available in literature, there is a general lack 
of fundamental understanding in terms of rejection of trace EDCs by membranes in a 
real water matrix. More specifically, the intricate relationships among the 
characteristics of DOM, the solution chemistry and membrane performance on EDCs 
rejection are still poorly understood. Thus, more research effort is needed to better 
understanding the above relationships, the issue of which is to be investigated in this 
research work. This would be critical information enabling one to design and operate 
membrane processes more efficiently for both water treatment and reclamation and to 
prevent the release of potentially harmful EDCs into the aquatic environment. 
 
1.3 Objective and Scope of Study 
In view of the above, the overall objective of this research is to investigate the removal 
mechanism of steroid hormone estrone in a real water matrix with the presence of 
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other DOM using NF/RO membrane separation processes. To understand how the 
DOM in secondary effluent affect estrone removal more clearly, this study will 
investigate the effects of each organic fraction isolated from secondary effluent on 
estrone removal in solutions by fractionating DOM based on their difference in 
hydrophobicity and charge properties using resin chromatography method (Imai et al., 
2002). The specific objectives are listed as follows: 
¾ To study the effects of DOM characteristics on target estrone rejection by NF/RO 
membranes and determine the key isolated organic fraction derived from treated 
effluent which makes crucial contribution to the ‘enhancement effect’ on estrone 
removal in treated effluent; 
¾ To examine the effects of solution chemistry (pH, IS and Ca2+ ion concentration) 
on estrone removal by NF/RO membranes; and  
¾ To identify how the two kinds of interaction introduced by other DOM (estrone-
DOM and DOM-membrane) as mentioned earlier influence the behaviour of 
estrone transport through NF/RO membranes. 
 
Figure 1.2 illustrates the scope of this study. The overall work to be conducted in this 
study will provide an in-depth and a better understanding of the removal mechanism of 
EDCs in a complex real water matrix by NF/RO membranes. More importantly, the 
results to be obtained from this investigation will also contribute to improvements in 
trace EDCs removal during membrane separation processes. 
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Figure 1.2 Scope of the study 
 
To better understand the necessity and importance of this study, the next chapter will 
present a comprehensive review on EDCs and DOM in aquatic environment, organics 
retention by NF/RO membranes in water and wastewater treatment, as well as trace 
EDCs removal by membrane technology and their limitations reported in literature.   
 






2.1 Endocrine Disrupting Chemicals (EDCs) 
An endocrine disrupting chemical has been defined, by the European Commission, as 
“an exogenous substance that causes adverse health effects in an intact organism, or its 
progeny, consequent to changes in endocrine function” (Jeannot et al., 2002). Indeed, 
EDCs are some of the compounds of emerging public health concerns in relation to 
water reuse. In this section, current knowledge on the issue of EDCs, such as their 
sources, occurrences in aquatic environment, their potential impacts on ecosystem, the 
methods of their detection as well as the advanced technologies for their removal are 
reviewed. 
 
2.1.1 Classification of EDCs 
EDCs do not have any structural similarity or common chemical properties. They may 
cover a wide range of chemicals in environment, including natural and synthetic 
steroid hormones, man-made chemicals and phytoestrogens (Baker, 2001; Layton et 
al., 2000). Among them, the compounds with estrogenic activity are the EDCs that are 
of main concerned in the aqueous system.  
 
2.1.1.1 Natural and Synthetic Steroid Hormones 
Steroid hormones, mainly excreted in the urine of mammals, enter the aquatic 
environment through effluent of sewage treatment plants (STPs). They are of special 
concern due to their greatly higher endocrine disrupting potency than other EDCs and 
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frequently found in municipal wastewater, STPs effluent and fresh water bodies within 
the ng/L range. The low concentrations of some steroid hormones in secondary 
effluent often remain sufficiently high to harm wildlife such as fish (Johnson and 
Sumpter, 2001). It has been reported that the compounds responsible for the major 
estrogenic activity in aquatic environments are natural steroid hormones, 17β-estradiol 
(E2) and estrone (E1) as well as synthetic steroid hormone, 17α-ethinylestradiol (EE2), 
which is a kind of contraceptive drug utilized as ingredients of birth control pills 
(Desbrow et al., 1998). E2 is the one that displays the highest estrogenic capacities 
(Allen et al., 1999; Desbrow et al., 1998). It has been shown that an E2 concentration 
of as low as 1 ng/L could induce a clear endocrine disrupting effect on fish (Purdom et 
al., 1994). As for E1, although it may have only half the potency of E2, its 
concentration in the effluent is frequently found to be greater than double of the 
corresponding value of E2. E1 is also very persistent in sewage treatment process. 
Therefore, E1 appears to be the most important EDCs on the basis of its concentration, 
relative persistence in treatment and potency (D’Ascenzo et al., 2003; Johnson and 
Sumpter, 2001). EE2 has potency similar to natural hormones; however, it would not 
be selected as the key player due to its much lower concentration than those of natural 
hormones (Johnson and Sumpter, 2001). The physical-chemical properties of E1, E2 
and EE2 are summarized in Table 2.1 (Guang et al., 2002; Nghiem et al., 2004b). 
Their chemical structures are present in Figure 2.1.         






at 20 ºC 
(mg/L) 
pKa logKow 
E1 C18H22O2 270.4 13.0 10.4 3.4 
E2 C18H24O2 272.4 13.0 10.4 3.9 
EE2 C20H24O2 296.4 4.8 10.2 4.2 
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E1  E2 EE2 
Figure 2.1 Structures of Steroid Hormones  
 
2.1.1.2 Man-made Chemicals 
Some of the compounds that have been found or suspected to be capable of disrupting 
the endocrine systems are made commercially for specific purpose or produced as 
byproducts of manufacturing processes.  These include (Laganà et al., 2004; Ying and 
Kookana, 2002) pesticides (e.g. atrazine), persistent organochlorines and 
organohalogens (e.g. dioxins, furans and polychlorinated biphenyls (PCBs)) and 
alkylphenols (4-nonlyphenol (NP), bisphenol A (BPA) and octylphenol). 
 
Amongst them, both NP and BPA have attracted a great deal of attention because they 
have estrogenic properties. Although they have frequently been detected in industrial 
effluents and river waters at concentrations exceeding 1 µg/L in many countries 
(Johnson and Sumpter, 2001), their potencies are several thousands times lower than 
those of steroid hormones (Nghiem et al., 2004b; Soto et al., 1995). It was reported 
that the sum of estrogenic activity obtained by E-screen bioassay for BPA, NP and 
octylphenol amounted to only 0.7-4.0% of the overall estrogenic potency in STP 
effluents (Körner et al., 2000) and made no further contribution to the total 
estrogenicity in river water (Behnisch et al., 2001). Therefore, less attention has been 
directed to these compounds compared to steroid hormones in water industry.  
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With economic growth, more and more emerging chemicals will be used or produced 
in industry and agriculture. Most of them have not been tested for potential endocrine 
activity. Further research is therefore needed to determine whether they should be 
classified as EDCs.   
 
2.1.1.3 Phytoestrogens 
Phytoestrogens are naturally synthesized in a diverse number of plants such as cereals, 
legumes and grasses (Laganà et al., 2004). They are structurally and functionally 
similar to steroid hormones and can exert biological effects in cell cultural systems and 
animals (Juberg et al., 2000). However, they are much weaker in estrogenicity than 
steroid hormones. Their effects on the health of humans and wildlife have become an 
important discussion topic in recent years. On one hand, phytoestrogens are described 
as health-promoting substances (e.g. they could inhibit tumor initiation and oxidative 
damage (Laganà et al., 2004) and also alleviate menopausal symptoms). On the other 
hand, some studies have suggested that they are potentially harmful if exposure occurs 
during development (Ferguson et al., 2002). Thus further studies are necessary to 
investigate the effect of phytoestrogens on the health of human and wildlife, especially 
in long-term exposure.  
 
2.1.2 Occurrence of EDCs in Aquatic Environments 
In studies carried out in many countries, including Italy, Netherlands, Germany, 
Canada, UK, Japan, Spain, Switzerland and the US, EDCs have been detected in 
treated effluents from STPs, surface waters as well as groundwater. The levels are in 
the range of ng/L to µg/L for most EDCs in aquatic environment.   
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As shown in Table 2.2, major EDCs such as E1, E2, EE2, NP and BPA have been 
widely identified and reported in treated wastewater effluents (Baronti et al., 2000; 
Fromme et al., 2002; Körner et al., 2000; Laganà et al., 2004; Staples et al., 2000; 
Williams et al., 2003; Ying et al., 2002a&2002b). Concentrations of alkylphenols in 
the effluents ranged from 18 to 8000 ng/L for BPA and from 0.1 to 343 µg/L for NP 
have been reported. As for estrogenic steroid hormones, E1 was detected with 
concentration of up to 82.1 ng/L. E2 was detected frequently and the concentration was 
up to 64 ng/L, but EE2 was detected infrequently (non-detectable to 42 ng/L). A 
number of studies have also shown the estrogenic activity in STPs effluents using fish 
or other biological assay systems (Harries et al., 1996&1999; Korner et al., 1999; 
Purdom et al., 1994). For example, Tilton et al. (2002) reported that effluents from two 
domestic wastewater treatment plants in the US had estrogen equivalent values ranging 
from 23 to 123 ng/L E2 equivalents utilizing an E2 concentration-vitellogenin 
response curve generated in laboratory. Onda et al. (2001) also reported the E2 
equivalent concentration in the treated sewage at the level of several tens ng/L using 
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Table 2.2 Concentration of EDCs in effluents of sewage treatment plants (STPs) (Baronti 
et al., 2000; Fromme et al., 2002; Körner et al., 2000; Laganà et al., 2004; Staples et al., 
2000; Williams et al., 2003; Ying et al., 2002a&2002b) 
Concentration (ng/L) Location  
 E1 E2 EE2 NP BPA 
Italy  2.5-82.1 3-8 <LODa-1.7 1120-2235 -  
Netherlands <0.4-47 <0.1-5 <0.2-7.5 - - 
Germany  <LOD-70 2.5-25 <LOD-15 100-3600 18-702 
Canada  <LOD-48 <LOD-64 <LOD-42 800-15100 - 
UK 1.4-76 2.7-48 <0.4-3.4 - - 
Japan - 0.3-55 - 80-1240 - 
USA 70  0.477-3.66 <LOD-0.759 180-15900 2000-8000 
Switzerland  - - - 5000-11000 - 
Spain  - - - 6000-343000 - 
aLOD = limit of detection 
 
In surface waters, the occurrence of EDCs has been also widely reported around the 
worlds (Table 2.3). Reported levels ranged from <0.1 to 12 ng/L for E1, from < limit 
of detection (LOD) to 3 µg/L for E2, from < LOD to 5.1 ng/L for EE2, from < LOD to 
95 µg/L for NP and from < LOD to 1900 ng/L for BPA. Drinking water supply in 
many countries is taken from rivers that are subjected to significant upstream 
wastewater effluent discharges (e.g. Cincinnati’s drinking water intake is located on 
the Ohio River approximately 200 miles downstream of Pittsburgh’s wastewater 
effluent discharge point), therefore the pollution of surface water results in the 
exposure of humans to a variety of different wastewater-derived contaminants 
including EDCs with the potential adverse health effect. For example, an E2 
concentration of 2.6 µg/L in the South Nevada Water System, which provides drinking 
water to the city, has been reported (Nghiem et al., 2004b). This compound can be 
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active in human blood at concentration of as low as 0.5 ng/L (Schäfer et al., 2003).  
Table 2.3 Concentration of EDCs in surface waters (Bolz et al., 2001; Fromme et al., 2002; 
Laganà et al., 2004; Liu et al., 2006; Matsumoto et al., 1977; Matsumoto, 1982; 
Nakashima et al., 2002; Staples et al., 2000; Ying et al., 2002a&2002b) 
Concentration (ng/L) Location  
 E1 E2 EE2 NP BPA 
Italy  5-12 2-6  <LODa-1 1289-1466 - 
Netherlands <0.1-3.4 <0.3-5.5 <0.1-4.3 - - 
Germany  0.1-4.1 0.15-3.6 0.1-5.1 6.7-134 0.5-410 
Canada  - - - <LOD-920 - 
UK - - - < LOD-53000 - 
Japan - 41 - 110-3080 10-1900 
USA - 2000-3000 - 12000-95000 <LOD 
Switzerland  - - - 700-26000 - 
Spain - - - < LOD-44000 - 
aLOD = limit of detection 
 
Recent studies have shown that disposal of animal manure to agricultural land could 
lead to movement of steroid hormones into groundwater (Ying et al., 2002a).  For 
example, E2 concentrations ranging from 6 to 66 ng/L have been reported in 
groundwater (mantled karst aquifers in northwest Arkansas, USA) (Peterson et al., 
2001). 
 
Above monitoring data make it possible to carry out risk assessments. More 
importantly, it is necessary to emphasize that in some cases concentration of selected 
EDCs are high enough to cause distinct effect on fish. Thus research on the removal of 
EDCs in water and wastewater using advanced treatment technology is necessary to 
protect our environment and human health.  
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2.1.3 Adverse Effects of EDCs on Ecosystem and Human Health 
Occurrence of EDCs in aquatic environment is of great concern since there is 
considerable body of evidences that have highlighted the detrimental reproductive 
disorders of EDCs on wildlife. 
 
Laboratory experiments have demonstrated that exposure of rodents to sex hormones 
during prenatal or early postnatal life can cause permanent and irreversible alterations 
of their endocrine and reproductive organs, such as ovary, fallopian tube, uterus, cervix, 
vagina, and mammary gland in females; and testis, epididymis, prostate, and seminal 
vesicle in males; as well as non reproductive organs including bones and muscle and 
immune and nervous systems in both sexes (Iguchi et al., 2001).  
 
These findings are complemented by field study data indicating that wildlife is also 
experiencing endocrine-disrupting effects. These include developmental abnormalities, 
demasculisation and feminisation of alligators in Florida by organochlorines (Guillette 
et al., 2000); feminisation of fish in wastewater effluent from STPs and paper mills 
(Bortone et al., 1989; Jobling et al., 1998); hermaphrodism in frogs from pesticides 
such as atrazine (Hayes et al., 2002) and decreased fertility of sheep caused by 
phytoestrogens in pasture grasses (Adams, 1998; Bennetts et al., 1946). 
 
It is believed that the adverse effects of EDCs on the endocrine and reproductive 
system of animals in laboratory and wildlife may also affect humans. Several studies 
have suggest a link between environmental EDCs exposure and deteriorating trends in 
human health including reductions in sperm counts and quality; increased incidence of 
the male genital abnormalities cryptorchidism and hypospadias and increased 
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incidence of testicular, prostate and breast cancer (Baker, 2001). In addition, it has 
been comfirmed that the clinical use of the synthetic estrogen, diethylstilbestrol (DES), 
in pregnant women from 1945–1971 resulted in increased rates of vaginal and cervical 
cancers in their female offspring and lower sperm counts and abnormalities of the 
genitalia (i.e. hypospadias) in the male offspring of these women (Croley et al., 2000). 
More importantly, there are increasing public concerns regarding the potential long-
term health effects from EDCs. 
 
From the above evidences regarding animal experiments in laboratory, wildlife studies 
and human observations, it has been suggested that EDCs may have negative effects 
on the human health. More research is needed to establish cause and effect relationship 
for endocrine disrupting effects. In addition, efforts to prevent EDCs from entering 
aquatic environment and to ensure that drinking water is free of them in a practically 
possible way should be of paramount importance in water industry. 
 
2.1.4 Techniques for Detection of Trace EDCs 
The wide recognition that EDCs are contaminants in aquatic environment that may 
interfere with normal endocrine function of both wildlife and humans has led to 
focused attention on the need for highly sensitive and selective techniques that are 
applicable for trace EDCs detection in a complex environmental matrix. Although it is 
still a long way from becoming a routine analysis, in the last few years an increasing 
number of analytical techniques have been reported in literature for monitoring these 
compounds in the environmental waters. Owing to extremely low concentrations of 
EDCs in aquatic samples, a simple extraction and pre-concentration step is needed 
prior to analysis. The commonly used sample preparation methods for aqueous 
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samples are liquid–liquid extraction (LLE) and solid-phase extraction (SPE). The SPE 
needs less solvent than LLE and has been shown to be an important tool for the 
isolation and preconcentration of a wide variety of contaminants present in the 
environment. Moreover, SPE is also possible to achieve trace enrichment and clean-up 
in one step. For this purpose, SPE has been developed for concentrating the EDCs in 
water samples (Li et al., 2004). Several types of SPE cartridges from different 
manufacturers have been commonly used to extract EDCs from aqueous samples 
(Table 2.4). Liu et al. (2004) evaluated their extraction efficiencies of EDCs. Of all the 
cartridges, Waters Oasis HLB copolymer cartridges showed the best recoveries and 
will be used in this study.   
Table 2.4 A summary of the different types of SPE cartridges commonly used (Liu et al., 
2004) 
Cartridges  Descriptions  Manufacturer  
Strata CN (1g, 6ml) Cyanopropyl   Phenomenex  
Strata X (0.2g, 6ml) Patent-pending polymeric material  Phenomenex 
Strata SI-1 (1g, 6ml) Silica sorbent Phenomenex 
DSC-18 (1g, 6ml) Polymerically bonded, octadecyl 
(18%)   
Supelco  
DSC-Si (1g, 6ml) Unbonded acid washed silica 
sorbent  
Supelco 
DPA-6S (0.5g, 6ml) Polyamide resin  Supelco 
Isolute C18 (1g, 6ml) Octadecyl  International 
Sorbent Technology 








Most of the reported analytical methodologies are based on either biological 
techniques or chromatographic techniques after a procedure of extraction. Although 
biological assays, including in vitro assays (yeast culture and cell culture) and in vivo 
assays using fish and frog as biological models seem to be the appropriate ways of 
assessing the potential endocrine disrupting activity of any chemical or complex 
mixture, such methods are tedious, skill-demanding and still mostly limited by the 
Chapter Two - Literature Review 
 19
instability and uncertainty of the complicated procedures (Folmar et al., 2002). Much 
work is needed to improve the accuracy of this kind of analysis technique. Therefore, 
in this study, chemical analysis method will be chosen to determine EDCs 
concentration in water samples. 
 
A number of chemical analysis methods are available to quantify trace EDCs in 
environmental waters by more sensitive and reliable techniques, such as gas 
chromatography/mass spectrometry (GC/MS) or GC/MS/MS (Belfroid et al., 1999; 
Croley et al., 2000; Ingrand et al., 2003). For example, Belfroid et al. (1999) 
developed an analytical procedure based on SPE followed by a derivatization step 
prior to detection by GC/MS. This method enabled routine analysis of four steroid 
hormones in aquatic environment with a recovery of 88-98% and a limit of detection 
(LOD) of 0.1-2.4 ng/L.  However, analytical methodologies based on GC technique for 
analyzing many EDCs are time-consuming and labor-intensive as they require 
preparation of suitable EDCs derivatives (D'Ascenzo et al., 2003). Therefore, further 
investigations are needed to develop simpler analytical procedures based on this 
technique. 
 
Unlike GC/MS, liquid chromatography/mass spectrometry (LC/MS) enables the 
determination of EDCs without derivatization and is not limited by such factors as 
nonvolatility and high molecular weight (López de Alda and Barceló, 2000). 
LC/MS/MS offers the advantage of being more sensitive and specific as well as 
allowing the simultaneous monitoring of a wide range of molecules and matrix. 
Several authors have recently reported an extremely high sensitivity (0.1-1.9 ng/L) for 
EDCs in environmental samples using LC/MS/MS with electrospray ionization (ESI) 
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and atmospheric pressure chemical ionization (APCI) detection (Baronti, et al., 2000; 
Laganà et al., 2004; Vanderford et al., 2003). For example, a method for determination 
of steroid hormones in aquatic environmental samples using SPE and LC/MS/MS was 
developed by Laganà et al. (2004). This method demonstrated LODs of 0.1-1.2 ng/L 
for E1, 0.2-1.9 ng/L for E2 and 0.4-1.6 ng/L for EE2. The recovery for all steroid 
hormones ranged between 89% and 100% in all kinds of sample matrix including 
STPs influent, effluent and river waters. Based on the above review of analytical 
methodologies reported in literature, the LC/MS/MS has shown the most promise and 
will be used in this study to monitor EDC concentration during membrane separation 
process.    
 
2.1.5 Advanced Treatment Technologies in Removing EDCs in Aquatic 
Environment 
Although conventional wastewater treatment processes can remove over 85% of 
steroid hormones (Johnson and Sumpter, 2001), they have some limitation to remove 
EDCs because concentrations of some steroid estrogens in secondary effluent are still 
high enough to harm wildlife (Baronti et al., 2000; Soliman et al., 2004). In the light of 
this problem, advanced treatment processes are essential for more stringent 
requirement for drinking water treatment and water reclamation. A number of physical 
or chemical techniques, such as activated carbon adsorption, oxidation and membrane 
filtration, are the most common techniques employed in water reclamation. However, 
available data for evaluation of the performance of these technologies in terms of 
EDCs removal are very limited so far, partly due to their extremely low concentrations 
and the associated analytical difficulties.  
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2.1.5.1 Removal by Activated Carbon 
Activated carbon is widely used to remove organic compounds from aqueous phase. 
Hydrophobic interactions are the dominant mechanism for removal of most organic 
compounds in activated carbon adsorption systems. It was demonstrated that 
adsorption by activated carbon was effective for the removal of NP and BPA (Iwasaki 
et al., 2001; Nakanishi et al., 2002). In 2004, Chang et al. found that trace E1 can be 
effectively removed from aqueous phase by activated carbon. The presence of NOM or 
other adsorbable molecules that co-exist in aquatic phase may lower the extent of trace 
contaminant removal by activated carbon as a result of competition for surface sites 
and/or pore blocking (Chang et al., 2004; Fukuhara et al., 2006; Wu and Pendleton, 
2001). For example, Fukuhara et al. (2006) reported that the amount of E2 absorbed 
was reduced to about one-thousandth in river water and secondary effluent by the large 
amounts of co-existing substances (natural organic matter and secondary organic 
matter) that competed with E2 for adsorption sites. However, these studies did not 
provide the breakthrough information of EDCs based on long-term test. This technique 
is limited by high operational costs for recharging of carbon bed, carbon and 
contaminant solubility. Therefore, further investigations are needed to examine the 
performance characteristics of activated carbon system for EDCs removal under 
prolonged operation and to evaluate whether activated carbon adsorption is 
recommendable for EDCs removal.  
 
2.1.5.2 Removal by Oxidation Processes 
In drinking water industry, it has been shown that ozonation and advanced oxidation 
processes (AOPs) in general are effective in degrading organics (Zwiener et al., 2000). 
While laboratory and field reports regarding removal of trace EDCs by oxidation 
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processes are far from extensive, a pilot plant study on ozonation and UV-disinfection 
effects has shown elimination of E1 from STPs effluent (Ternes et al., 2003). Applying 
10-15 mg/L ozone over a contact time of 18 min could result in effective removal of 
E1 (>80%) from STPs effluent. Ozonation processes have also been shown promising 
for the efficient removal of EE2 (Huber et al., 2003). Although these techniques can be 
used to polish the final STPs effluent, the formation of oxidation by-products and their 
subsequent effects on biostability of the product water are still not well understood and 
need to be further investigated. Therefore, removal of the oxidation by-products needs 
to be considered as part of this technique. While there are several methods for reducing 
the concentration of the oxidation by-products, NF/RO membranes are potentially 
useful for minimizing their concentration in product water and therefore deserved 
further investigation.  
 
2.1.5.3 Removal by Membrane Filtration 
Given the continuous developments in membrane technology, NF/RO membrane 
process is becoming a favored treatment technology for the removal of emerging 
contaminants during wastewater reuse operations due to blanket removal of various 
classes of contaminants such as EDCs. It has been reported that the retentions of NP 
and BPA by 11 different NF membranes ranged from 70% to 100% (Wintgens et al., 
2002). Removal of steroid hormones by RO/NF membranes has also recently been 
studied in their environmental concentration range (Ng and Elimelech, 2004; Nghiem 
et al., 2004a&2004b; Schäfer et al., 2003). Loose NF membranes could achieve only 
minor removal (13-43%) while tight NF membranes (NaCl rejection > 90%) could 
achieve moderate to good removal (80-90%) (Nghiem et al., 2004a&2004b; Schäfer et 
al., 2003). In contrast, RO membranes could give almost complete removal from 
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aquatic samples (Schäfer et al., 2003; Shishida et al., 2000). For example, Shishida et 
al. (2000) reported that both the overall estrogenicity and E2 concentration can be 
significantly reduced by the RO membrane process (more than 97% removal). 
Compared with other treatment processes, advanced treatment using NF/RO 
membrane technology has prominent advantage, such as process and plant 
compactness due to its modular construction, easy operation and maintenance, as well 
as relatively low capital and operational costs. Therefore, it is significant to further 
study the trace EDCs removal using NF/RO membrane technology. In the following 
section, findings of a comprehensive literature review regarding organic matters in 
aquatic environment and the removal of organic compounds by NF/RO membrane 
system in water and wastewater treatment applications are reported. A detailed 
literature review regarding trace EDCs removal by membrane technology will also be 
presented. 
 
2.2 DOM in Aquatic Environments 
Dissolved organic matters (DOM) in aquatic system are a heterogeneous mixture of 
organic compounds, most of which do not have identifiable structure. Generally, more 
than half of the dissolved organic carbon (DOC) in water is due to humic substances 
(HS) (Dalvi et al., 2000; Ma et al., 2001; Thurman, 1985). DOM plays an important 
role in water chemistry and aquatic toxicology because it has been demonstrated that 
DOM can bind both metals and hydrophobic organic pollutants (Cabaniss and Shuman, 
1988; Kukkonen and Oikari, 1991; Ma et al., 1999) in aquatic environments. Therefore, 
influence of DOM on trace EDCs removal needs to be considered and further 
investigated during water treatment processes. 
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2.2.1 Concentration of DOM in Aquatic Environments 
DOC varies with the type of water from approximately 0.5 mg/L for ground water and 
sea water to over 30.0 mg/L for colored water from swamps. The corresponding DOC 
concentrations in rivers and lakes range from 2.0 to 10.0 mg/L (Kukkonen and Oikari, 
1991; Thurman, 1985). In contrast, treated effluents from wastewater treatment plants 
contain DOC ranging from 6.5 to 32.5 mg/L (Hu et al., 2003; Imai et al., 2002; Shon 
et al., 2005). Considering that EDCs are frequently detected in treated effluent or 
surface water within the range from ng/L to µg/L, concentration of DOM is thousands 
times higher than that of EDCs in aquatic environment. Thus, one would expect that 
DOM co-exist in aquatic phase would influence the fate and transport of EDCs during 
water treatment process. However, the DOM effects have not been thoroughly 
investigated. Further research is therefore needed to fully understand the phenomena.     
 
2.2.2 Characteristics of DOM in Natural Waters and Wastewater Effluents 
In order to evaluate the reactivity and role of DOM in aquatic environment, it is 
necessary to understand the physical and chemical characteristics of HS or the whole 
water organic matters.  
 
MW of DOM is an important factor influencing their interaction with other compounds. 
Four commonly used methods for determining MW are small-angle X-ray scattering, 
gel-permeation chromatography, ultrafiltration, and vapor pressure osmometry 
(Dawson et al., 1981; Thurman, 1985; Wershaw and Pinckney, 1973). Chin and 
Gschwend (1991) found that high-pressure size exclusion chromatography (HPSEC) 
could be adopted to measure the MW of humic and fulvic acids by the addition of an 
indifferent electrolyte (e.g., NaCl or KC1) to the mobile phase and by using random 
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coil non-proteinaceous polymers to calibrate the column. Thus far, most of the 
available studies on MW of DOM focus on HS. A review of literature revealed that: (1) 
aquatic fulvic acid (FA) has MW ranging from 500 to 4000 Da, and (2) aquatic humic 
acid (HA) is larger with MW ranging from 2000 to 5000 Da, and sometimes much 
larger, 100,000 Da (Liljestrand, et al., 2003; Thurman, 1985). Imai et al. (2002) 
reported that the weight-averaged molecular weight of the overall DOM in effluents 
from wastewater treatment plants was rather small, varying from 380 to 830 g/mol. In 
addition, the MW of humic substances was observed to correlate with aromaticity 
strongly (Chin et al., 1991; Imai et al., 2002).  
 
Structural properties (aromatic versus aliphatic, or hydrophobic versus hydrophilic) of 
DOM are always influential factors in their binding with other organic and inorganic 
compounds. Absorbance in the UV between 254-280 nm is closely related to the total 
aromaticity of DOM (Chin et al., 1994). The UV absorbance at 260 nm to DOC ratios 
of total DOM in STP effluent samples were found ranging from 1.14 to 1.91 m-1 L/mg 
C (Imai et al., 2002). Recently, Liljestrand et al. (2003) reported the adsorptivity at 
272 nm of HS from different sources to be 5.07 to 5.86 m-1 L/mg C for HA and 3.14 to 
4.09 m-1 L/mg C for FA. These results indicate that the structural nature of DOM 
varies with water sources. The changes in structural characteristics of DOM are 
expected to influence the fate and transport of trace EDCs during water treatment 
processes. However, the effects of DOM structural characteristics are still not 
understood and more research effort is needed to better understand this issue.  
 
To better understand the components of aqueous organic matters, numerous studies 
have focused on the characterization of DOM isolated from natural waters and 
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wastewater effluents (Aoustin et al., 2001; Fujita et al., 1996; Hu et al., 2003; Imai et 
al., 2002; Kennedy et al., 2005; Kukkonen and Oikari, 1991; Ma et al., 2001). Many 
different procedures have been employed for DOM characterization, one of which is 
fractionation using XAD-8, cation exchange resin and anion exchange resin in series. 
With this technique, DOM are fractionated into six subcomponents based on the 
hydrophobicity and charge of the molecules, namely, hydrophobic acids (HpoA), 
hydrophobic bases (HpoB), hydrophobic neutrals (HpoN), hydrophilic acids (HpiA), 
hydrophilic bases (HpiB) and hydrophilic neutrals (HpiN). DOM’s fraction 
distribution varies substantially depending on the kind of water sources. In general, 
HpoA fraction (equivalent to aquatic HS) is the most abundant fraction, accounting for 
30-80% of DOM as DOC in natural waters (Thurman, 1985) and 35-45% of DOM in 
treated effluent (Hu et al., 2003), except in one study conducted by Imai et al. (2002) 
who found that the percentage of HpiA fraction was higher than that of HpoA fraction 
in secondary effluents. The above studies confirm the heterogeneous nature of DOM in 
aquatic environment and that subcomponent distribution varies temporally and 
spatially. Thus studies on the influence of DOM on EDCs removal during water 
treatment process should be conducted based on the specific DOM-fraction 
distribution in water matrix of interest. Another frequently applied procedure for DOM 
fractionation is using XAD-8 resin followed by XAD-4 resin. According to this 
method, DOM can be fractionated into hydrophobic (HpoA), transphilic (TpiA) and 
hydrophilic (HpiA) acid fractions. Kennedy et al. (2005) reported that the NOM in 
Lake ljssel water in north Holland comprised about 53-55% HpoA, 25% TpiA and 20-
22% HpiA. Violleau et al. (2005) observed that the HpoA fraction had a stronger 
hydrophobic character than the TpiA fraction. Although the two kinds of fractionation 
methods (XAD-8 resin + cation exchange resin + anion exchange resin and XAD-8 
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resin + XAD-4 resin) have been used in many applications, further studies are still 
needed to improve the organic recovery in each fraction. In particular, the purification 
of the last fraction (HpiN in first fractionation method and HpiA in second 
fractionation method) where some impurities of other fractions are inevitably present 
still needed to be further developed.  
 
HpoA, including FA and HA, are generally characterized as high MW ranging from 
500 to 5000 Da, high aromaticity, anionic polyelectrolytes with carboxyl functional 
groups and phenolic groups (Aoustin et al., 2001; Kukkonen and Oikari, 1991; 
Thurman, 1985). Ma et al. (2001) reported that HpiA fractions were almost devoid of 
aromatic constituents and the aliphatic region featured more sharp signals than HpoA 
fractions. This observation indicated that HpiA fractions mainly consisted of simpler 
compounds and less complex mixture. In addition, they suggested that the MW of 
HpiA was smaller than that of HpoA. Similarly, Imai et al. (2002) observed that the 
ratios of ultraviolet absorbance to DOC in all effluents exhibited a common 
relationship: HpoA > total DOM > HpiA. Based on the above results, different organic 
fractions have different physicochemical characteristics and thus they are expected to 
have different influences on the fate and transport of EDCs during water treatment 
process. However, this point has not been adequately studied and thus it will be 
investigated in this study. With regard to acidity, Ma et al. (2001) indicated that HA, 
FA and HpiA fractions of DOM samples from natural waters and treated effluents had 
similar total acidity whose range was 9.0–11.6 meq/g C. However, the values vary 
greatly depending on the source water characteristics. Shan (2005) reported that the 
acidity of HpoA derived from secondary effluent ranged from 0.15 to 0.2 meq/g C.    
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According to the review of studies on DOM in aquatic environments, it is found that 
most of the available studies were focused on HS and the information with regard to 
the physicochemical properties of other organic fractions (such as HpoB, HpoN, HpiB 
and HpiN) is rather limited. Although HS account for more than half of the DOM in 
waters, the presence of other components in aquatic environment may interreact with 
HS and thus influence overall water chemistry and aquatic toxicology. Therefore, 
understanding their physicochemical characteristics is essential for assessing their roles 
in aquatic environment.  
 
2.2.3 Binding of Organic Pollutants to DOM 
Binding of hydrophobic organic compounds onto dissolved NOM has significant 
effects on the fate, toxicity or bioavailability of them in aquatic environment and their 
removal in water treatment processes (Kulikova and Perminova, 2002; Yamamoto et 
al., 2003). The sorption of highly hydrophobic compounds such as pesticides by DOM 
has been extensively studied over the last three decades. In 1998, Devitt and Wiesner 
speculated that the most likely mechanism of atrazine binding by NOM was through 
association of atrazine with interior adsorption sites on the NOM molecules by 
transitory hydrogen bonding and subsequent physical entrapment. Subsequently, 
Kulikova and Perminova (2002) reported that the sorption coefficient (Koc) of atrazine 
for NOM correlated strongly with the percentage of aromatic carbon in NOM samples. 
They hypothesized that hydrophobic binding is the key interaction underlying the 
sorption. As for the moderately hydrophobic compounds such as estrogenic steroid 
hormones, little has been known about their binding onto the DOM despite there were 
a few recent studies on the sorption of steroid estrogens by a wide variety of DOM 
(Yamamoto et al., 2003; Yamamoto and Liljestrand, 2003). The researchers reported 
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that the Koc values for steroid estrogens strongly correlated with UV absorptivity at 
272nm and phenolic group content of the DOM (Yamamoto et al., 2003). Thus far, 
most of the studies on binding of EDCs by DOM were conducted with HS. However, 
as discussed above, different organic fractions exist in aquatic environment apart from 
HS. It is not yet clear which DOM fractions are mainly responsible for the binding of 
EDCs in water phase. 
 
Binding of organic pollutants by DOM is also influenced by aqueous chemistry. Koc 
values of pentachlorophenol (PCP) for HS decreased greatly with increasing pH from 
5.0 to 8.0, suggesting that only unionized form of a weak organic acid like PCP could 
interact with HS (Paolis and Kukkonen, 1997). In another study conducted by 
Yamamoto and Liljestrand (2003), no significant effect of pH (within the range of 4.0-
9.5) on the sorption of E2 onto HS was observed. Schlautman and Morgan (1993) also 
showed that the binding of polycyclic aromatic hydrocarbons (PAHs) by HS were 
generally decreased with increasing ionic strength at pH 7 and 10, while the opposite 
trend was observed at pH 4. The collective results from above studies imply that the 
binding of organic contaminants by DOM depends on the chemical characteristics of 
DOM and may depend on the aquatic chemistry of the system. However, due to the 
associated analytical difficulties, effects of water chemistry on binding of trace EDCs 
with DOM have not been thoroughly investigated. Studies on the effect of water 
chemistry, which will affect the chemical and structural properties of both DOM and 
EDC, on the binding of EDC with DOM at environmentally realistic low concentration 
and thus on the fate and transport of trace EDC during water treatment process are 
highly desirable.  
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2.2.4 Model DOM 
A variety of commercial DOM surrogates including HA, FA, salicylic acid, alginic 
acid, tannic acid and dextran were used in previous investigations to study the 
interactions between DOM and other target pollutants and membrane polymers. 
Amongst them, Aldrich HA has been widely used as a model NOM by many 
researchers (Tang et al., 2007; Teixeira and Rosa, 2006; Yamamoto et al., 2003; Yan 
and Bai, 2005). 
 
Aldrich HA has been extensively characterized by elemental analysis (C, H, N and S), 
HPSEC, Fourier transform infrared (FTIR) spectroscopy and potentiometric titration.  
Results of elemental analysis indicated that Aldrich HA contained 38.02-39.03% of C, 
3.76-4.43% of H, 0.52-0.68% of N and less than 0.30% of S (Jada et al., 2006; Yan 
and Bai, 2005). Size exclusion chromatograms showed that Aldrich HA had MW 
ranging from 4100 to 4637 Da (Chin et al., 1994; Yamamoto et al., 2003). As HA is a 
substance of very complex structure, the actual molecular structure of HA is not 
available in literatures so far. However, FTIR information exhibited that Aldrich HA 
contained OH stretching, aliphatic C-H stretching, carboxyl vibration, conjugated C=C 
or H-bonded C=O of carbonyl vibration and aliphatic C-H vibration (Ewa and Grazyna, 
2005). With regard to its charge density, Tang et al. (2007) found that the total acidity 
of Aldrich HA was around 5-6 mmol/g. In addition, Aldrich HA became more 
negatively charged at higher pH and ionic strength. As Aldrich HA has been well 
characterized and is easily available, it was used in this study as a model NOM for 
investigating its effects on the fate and transport of EDC during NF/RO membrane 
separation process.    
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Except for HA which was used to represent hydrophobic organic matters, alginic acid 
and dextran were selected as model DOM in some studies to represent hydrophilic 
organic matters (Yamamoto et al., 2003; Yamamoto and Liljestrand, 2003). Alginic 
acid is reported as a negative-charged polyelectrolyte, possesses extended random coils 
and has MW of 10000 to 210000 Da (Li et al., 2006; Yamamoto et al., 2003). Dextran 
is a neutral polysaccharide with a dense coil structure and has MW of 3000 to 200000 
Da (Yamamoto et al., 2003). Dextran is readily soluble in water and electrolyte 
solutions to form clear and stable solutions, where it exists as an expandable coil. The 
pH does not affect solubility significantly. A fragment of the dextran structure is 
illustrated in Figure 2.2. Yamamoto and Liljestrand (2003) selected dextran as one of 
DOM surrogates to study the sorption of steroid estrogens by DOM. They found no 
obvious sorption of steroid estrogens onto dextran. However, there has not been any 
conclusive evidence to prove that dextran has no influence on the fate and transport of 
EDC during water treatment process. This issue will be investigated in this study.  
 
Figure 2.2 Structures of Fragment of Dextran Molecule 
(From http://www.dextran.net/dextran_structure.html) 
 
2.3 Organics Rejection by NF/RO Membrane in Water and Wastewater 
Treatment 
Over the past 20 years, NF/RO membrane processes have been widely applied in water 
treatment and wastewater reclamation/reuse because of its potential to reject most of 
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inorganic, organic and microbial contaminants in the source water and the ability to 
ensure good product water quality. The earlier studies mainly focused on salt rejection 
in seawater or brackish water desalination (Choi et al., 2000). More recently, the 
retention of organic compounds from aquatic solutions by NF/RO membranes has 
been receiving considerable attention, especially for water reclamation. The reason is 
that the major concern in reclaimed water would be the potential health risk of the 
organics present in the product water. Numerous studies (Agenson et al., 2003; Agui et 
al., 1992; Bellona and Drewes, 2005; Berg et al., 1997; Boussahel et al., 2002; 
Braghetta et al., 1997; Bruggen et al., 1998; Hofman et al., 1997; Hu et al., 2003; 
Kimura et al., 2003a; Kiso et al., 2000&2001a&2001b; Ko uti  and Kunst, 2002; 
Ozaki and Li, 2002; Schäfer et al., 1998&2004) have reported the removal of organic 
micropollutants (such as pesticides, and NOM or HS) by NF/RO membranes. It is 
believed that solute transport in RO membrane is most likely caused by diffusion 
across the membrane or advection through a membrane pore (Taylor and Jacobs, 1996). 
Therefore, the mechanisms of RO separation for organic matters are not only a 
physical process based on size exclusion, but also based on charge repulsion and 
hydrophobic adsorption (Bellona et al., 2004; Boussahel et al., 2002; Yoon et al., 
2006).  
 
2.3.1 Size Exclusion Effect 
One of the major mechanisms for organics removal by NF/RO membranes is physical 
sieving of solutes larger than the membrane pore size. Ozaki and Li (2002) treated low 
MW organic compounds using low pressure RO membranes. They reported that the 
rejection of non-charged and non-polar organics could be predicated using the MW of 
the compounds. MW of solutes was useful while the molecular size parameters such as 
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molecular width, Stokes radii and molecular mean size had been confirmed to be more 
appropriate predicators of size exclusion effects on the organics rejection by NF/RO 
membranes (Agenson et al., 2003; Bellona et al., 2004; Kiso et al., 2000; Ozaki and Li 
2002). In addition, factors such as molecular conformation and structure may also play 
a role in organics retention. Berg et al. (1997) found non-charged compounds with a 
higher number of methyl groups were rejected at higher levels than those with lower 
number of methyl groups. However, all of these studies were conducted with the feed 
solution without addition of any salts. Therefore, application of such size exclusion 
theories may be limited since the geometry and conformation of organic molecules can 
vary greatly as a function of solution chemistry. In this study, solution ionic strength 
will be taken into account when rejection of trace EDC by NF/RO membranes is 
examined.       
 
In addition to the effect of solute characteristics, membrane properties such as 
molecular weight cut-off (MWCO) are also confirmed to influence the membrane 
performance based on size exclusion mechanism. The term MWCO is a specification 
used by membrane manufacturers to describe the retention capabilities of a membrane. 
Usually, the MWCO is defined as the MW of a solute (typically, polyethylene glycol, 
dextran or protein) for which the membrane has retention capabilities greater than 90%.  
However, the variations in solute characteristics, solute concentrations as well as flow 
conditions such as dead-end versus cross-flow filtration, make it difficult to compare 
the results of MWCO from different manufacturers (Cleveland et al., 2002). Moreover, 
MWCO may provide limited information on the retention of trace EDCs for several 
reasons. Firstly, MWCO is determined using polar compounds such as polyethylene 
glycols which are hydrophilic and more efficiently hydrated (Braeken et al., 2005). 
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However, most of EDCs are hydrophobic or moderately hydrophobic compounds, 
whose retention will be lower due to absence of hydration when MW is similar with 
the MWCO. Secondly, MWCO cannot provide information on the retention of 
organics with MW smaller than the MWCO. However, most of EDCs have low MW.  
 
2.3.2 Electric Exclusion Effect 
Charge repulsion, in addition to size exclusion, may play an important role in the 
rejection of solute molecules by charged membranes. It is expected to prevent the 
charged species from approaching the membrane with the same charge and thus 
increase retention. The membrane skin, for most thin film composite (TFC) 
membranes, carries a negative charge in attempt to discourage the adsorption of 
negatively charged foulants present in feed waters. The negative charge on membrane 
surface is usually caused by sulfonic and/or carboxylic acid groups that are 
deprotonated at neutral pH (Bellona et al., 2004). Therefore, it was found that 
negatively charged organic compounds would be significantly rejected by NF/RO 
membranes as a result of electrostatic repulsion between membranes and compounds 
(Bellona and Drewes, 2005; Kimura et al., 2004; Schäfer et al., 2004). Berg et al. 
(1997) found that charged organics were rejected by NF membranes at higher levels 
than non-charged organics of the same size. Another study confirmed that the rejection 
of negatively charged organic acids was larger than what was expected based on size 
exclusion and was correlated with the degree of ionization of the compound (Bellona 
and Drewes, 2005). In fractionation experiments where DOM in secondary effluent 
were fractionated using resin adsorbents into six classes, Hu et al. (2003) reported that 
negatively charged acid fractions were retained more readily than positively charged 
base fractions or neutral fractions by RO membrane mainly due to the electrostatic 
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interaction. However, the phenomenon associated with trace EDCs rejection has yet to 
be examined thoroughly.  
 
Organic macromolecules, such as NOM, are often negatively charged in aqueous 
solution at neutral to alkaline pH due to the abundance of ionized carboxylic COOH 
and phenolic OH functional groups. IS and pH are known to affect the charge and 
conformation of NOM. Based on the theory proposed by Ghosh and Schnitzer (1980), 
NOM is more negatively charged and have a rather long chain structure at very low IS 
and/or high pH. In contrast, at high IS and/or low pH, the macromolecules are less 
charged and tend to form more ‘curled-up’ structures and aggregate more easily due to 
neutralization and/or protonation of the anionic carboxylic and phenolic functional 
groups. However, other studies found that HS became more negatively charged with 
both increasing pH and IS (Illés and Tombácz, 2004; Tombácz et al., 2004). This 
observation indicated alkalizing and electrolyte addition could enhance the dissociation 
of weak polyacids. In addition to the effects on the charge and structure of NOM, pH 
and IS are also known to affect the charge of membrane. In many studies, zeta 
potential on membrane surface has been reported to become increasingly more 
negative as pH is increased and functional groups deprotonated (Bellona and Drewes, 
2005; Chidress and Elimelech, 1996&2000; Nghiem et al., 2005; Schäfer et al., 2004). 
As both of the dissociation of organics and surface charge of membrane depend on pH 
value, organic acids rejection by NF/RO membranes was frequently reported to 
increase with increasing pH (Agui et al., 1992; Berg et al., 1997; Braghetta et al., 1997; 
Ozaki and Li, 2002). Conversely, it was demonstrated that the presence of cations such 
as Na+, K+, Ca2+, and Mg2+ in feed water could reduce the negative charge on a 
membrane surface by “shielding” the charge (Deshmukh and Childress, 2001; Shim et 
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al., 2002). Bellona et al. (2004) found that calcium additions could significantly reduce 
the rejection of negatively charged organics because charge repulsion effects were 
minimized. 
 
Furthermore, electrostatic repulsion in membrane matrix may have important effects 
on membrane pore structure and rejection of uncharged organics (Berg et al., 1997; 
Boussahel et al., 2002; Braghetta et al., 1997). More specifically, at higher pH or 
lower IS, membrane matrix is in a more expanded state in response to greater 
intramembrane electrostatic repulsion and thus permeate flux increases, while rejection 
of uncharged solutes decreases. Conversely, membrane compaction and enhanced 
rejection of uncharged organics are demonstrated under conditions that favored a 
reduction in intramembrane electrostatic repulsion (low pH or high IS). However, the 
phenomenon of trace EDCs rejection has thus far not been adequently investigated and 
it is expected that the effects of water chemistry on trace EDCs characteristics, 
membrane charges and membrane pore size cannot be easily separated.  
 
2.3.3 Adsorption Effect 
The adsorption of organic compounds onto membranes is regarded as another 
important interaction between membrane and organics, which may influence the 
rejection behavior. The characteristics of organic compounds such as octanol-water 
partition coefficient (Kow), polarity, hydrogen bonding capability and molecular size as 
well as membrane properties such as surface roughness and hydrophobicity, which is 
characterized by contact angle, were found to influence the adsorption of organics onto 
membrane (Kimura et al., 2003; Kiso, 2001; Shan, 2005; Wintgens et al., 2003). It was 
further reported that adsorption of hydrophobic pesticides to membrane could enhance 
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retention, though such enhancement was limited to a relatively short time scale (Kim et 
al., 1992). According to the preferential sorption capillary flow model (Reinhard et al., 
1986), transport of organic solutes across a membrane is a two-step process: the solute 
is firstly absorbed or dissolved by the membrane and then it migrates across the 
membrane by diffusion or convection. The ultimate permeate concentration are 
theorized to depend on the size of compound relative to the pore size of membrane 
(Bellona et al., 2004). Moreover, adsorption of NOM onto membrane can reduce 
membrane pore size and thus improve removal efficiency of other organics like E2 
(Yoon et al., 2004).  
  
2.3.4 Feed Water Composition Effect 
Feed water composition, such as pH, IS, hardness and the presence of organic matter 
can also have a significant effect on solute rejection by NF/RO membranes. As the 
effects of pH and addition of inorganic salts have been elaborated previously, this part 
will be focusing on the influence of co-exist organic matters on the removal of target 
organics. In a study conducted by Laufenberg et al. (1996), the removal of carboxylic 
acids and their mixtures by RO membrane was investigated. They observed that the 
presence of other acids enhanced the retention of compounds that were strongly 
retained, and decreased the retention of compounds that were poorly retained. Kiso et 
al. (2000) also studied the influence of coexisting components in feed solution on the 
rejection of non-phenylic pesticides. They noticed that pesticides of higher rejection in 
single solute system might permeate more in a mixed solute system.   
 
Recently, the effect of different water matrices on the rejection of pesticides by NF 
was investigated by Zhang et al. (2004). They reported that the rejection of atrazine 
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and simazine from tap water and river water was generally higher than that from 
distilled water. The researchers assumed that this phenomenon may be explained by 
the influence of NOM. This finding and explanation are consistent with previous 
studies where the presence of NOM in feed water improved the elimination of 
pesticides by membrane greatly (Agbekodo et al., 1996; Devitt et al., 1998). The 
enhanced removals are usually explained by the fact that the formation of target solute-
NOM associates increases the effect of size exclusion, electrostatic repulsion as well as 
the adsorption of pesticides onto the outer surface or inner pores of membrane caused 
by hydrophobicity of NOM (Agbekodo et al., 1996; Berg et al., 1997; Zhang et al., 
2004). However, the authors seem to neglect the role of pore clogging in the enhanced 
removal due to adsorption of NOM onto membranes. This issue needs to be further 
investigated.  
 
The influence of NOM concentration on target organics rejection is somewhat 
contradictory. In a pilot-scale investigation, it was reported that atrazine and simazine 
removal by NF increased from 50% to 90-100% when the water's NOM content varied 
from 0.4 to 3.6 mg/L of DOC (Agbekodo et al., 1996). Other researchers, however, 
found no increase of pesticides (atrazine, simazine and terbutylazine) rejection with 
increasing NOM concentration from 0.25 to 3.5 mg/L of DOC (Berg et al., 1997). A 
possible explanation for these different observations may be that the association 
between target organics and NOM depends on the type of NOMs that were different in 
the two studies. Furthermore, above results suggest that concentration of different 
types of DOM should be kept similar when the effect of their characteristics on target 
organics removal is compared.   
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Although the mechanisms of how co-present organic matters influence the removal of 
target organic compounds during membrane applications are still unclear, the different 
experimental results aforementioned indicate that the feed water composition effect is 
rather complicated and will be an interesting topic. Further investigations in the effect 
of feed water composition on organics removal are needed to have a better 
understanding on the removal mechanism of organic compounds by NF/RO 
membranes in a complex water matrix. More review of literature on the effects of 
NOM or EfOM on trace organic contaminants removal during membrane separation 
processes will be presented in the next section.  
 
2.4 Removal of Trace EDCs by Membrane Technology 
NF/RO membrane technology is important for water reclamation. Efficient removal of 
a wide range of organic compounds from aquatic environment can be achieved with 
NF/RO membrane. However, such a premise could not be generalized to all trace 
EDCs. This is because EDCs are detected in wastewater effluents and surface waters at 
concentration level several orders of magnitude lower than the other typical organic 
compounds such as pesticides and NOM (Schäfer et al., 2003; Yoon et al., 2005). 
Thus, it is reasonable to expect that available pattern and theory for organics removal 
by membrane technology might not be applicable for EDCs which are present at an 
extremely low concentration. In this case, when examining the rejection efficiency of 
membrane to remove trace EDCs, experiments should be conducted at an 
environmentally realistic low concentration. In this section, only studies focusing on 
the retention of EDCs with an initial feed concentration in the range from ng/L to µg/L 
by membrane technology are reviewed. 
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2.4.1 In Single-Organic Solution 
Several recent studies have examined the removal of trace EDCs by RO, NF and 
ultrafiltration (UF) membranes in a single-organic solution using the dead-end and 
cross-flow filtration systems. It has been reported that the physicochemical properties 
of EDCs play important roles in their rejection.  The experimental results from Kimura 
et al. (2003b) indicated that negatively charged compounds could be rejected very 
effectively (>90%) by NF/RO membranes regardless of other physicochemical 
properties of the tested compounds due to electrostatic exclusion. In contrast, rejection 
of non-charged compounds is generally lower and influenced mainly by the molecular 
size of the compounds. In 2004, Kimura et al. further examined the ability of RO 
membranes to retain uncharged EDCs including 2-naphthol, 4-phenylphenol, caffeine, 
carbaryl, BPA and E2. Results showed that MW of the target compound could 
generally indicate the tendency of rejection for polyamide (PA) membranes while 
polarity was able to describe better the retention trend of tested compounds by 
cellulose acetate (CA) membrane. More recently, Yoon et al. (2006) found that more 
polar, less volatile, and less hydrophobic compounds had less retention than less polar, 
more volatile, and more hydrophobic compounds. This trend was observed using a 
dead-end filtration system and it may not be applicable to a cross-flow filtration 
system. Furthermore, understanding the factors driving the retention of trace EDCs is 
critical to assess treatment efficiencies of NF/RO membranes. Therefore, further work 
is still needed to fully understand the effect of physicochemical characteristics of 
EDCs on their rejections by NF/RO membranes.   
 
Another factor influencing the removal efficiency of membrane is the initial feed water 
concentration of target compounds. Kimura et al. (2003b) reported that experiments 
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conducted at a low ng/l concentration range resulted in a lower rejection efficiency as 
compared to experiments conducted at a relatively high µg/l range. This observation 
further substantiates that experiments conducted within the “realistic” concentration 
range are necessary to provide an accurate value of rejection efficiency. However, 
other experimental results from Schäfer et al. (2003) indicated minimal effect of initial 
concentration ranging from 1 to 1000 ng/L on the retention of E1 by NF/RO 
membranes. These different findings might be due to the different concentration ranges 
and types of EDCs as well as the materials and types of membrane used in the two 
studies. 
 
Membrane properties have been observed to have significant effects on trace EDCs 
removal. Generally, PA membrane exhibits a better performance in terms of the 
rejection of target compounds than CA membrane (Kimura et al., 2004), while this 
phenomena have not been explained clearly. It is essential to relate specific membrane 
characteristics including pore size, zeta potential, surface roughness and 
hydrophobicity to the difference in rejection ability. However, their study did not apply 
these specific parameters to explain the above observations. More recently, Yoon et al. 
(2004) found that the retention depended on membrane pore size and hydrophobicity. 
Their results were obtained from a dead-end filtration setup and therefore may not be 
extrapolated to other membrane processes. Thus, further research is necessary to better 
understand the relationship between the specific characteristics of membranes and the 
corresponding EDCs rejection using a cross-flow filtration system. 
 
Rejection of trace EDCs by membranes also depends on solution chemistry. While E1 
rejection was nearly independent of the ionic strength in solution, it was strongly 
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influenced by pH. Bellona et al. (2004) reported that the rejection of E1 was above 
90% for NF/RO membranes at pH values between 3 and 9. Once the pH of the solution 
exceeded the pKa of E1 (10.4) rejection decreased significantly by 35% for the NF 
membrane and 10% for the RO membrane. However, these results were achieved 
using a dead-end filtration system and therefore may not be extrapolated to cross-flow 
filtration. This can be explained as follows. In dead-end filtration, feed water is forced 
through membrane without cross flow, which results in gradual adsorption of solute 
onto membrane. In cross-flow filtration, bulk flow is tangential with the membrane 
surface, which provides a sweeping action and thus can prevent the adsorption of 
solutes onto membrane. As mentioned in Section 2.3.3, adsorption can influence the 
rejection behaviour. In this case, there is still a lack of information regarding the 
effects of water chemistry on the efficiency of NF/RO membranes for reduction of 
such compounds using cross-flow membrane unit, especially for long-term operation. 
Therefore, in this research, the study on the effect of water chemistry including pH, IS 
and addition of calcium ion will be carried out using a cross-flow membrane system. 
The reason to choose Ca2+ ion is that Ca2+ can specific bind with the carboxylic 
functional group within membrane polymers and it is abundant divalent ion in treated 
effluent.  
 
In addition, the removal mechanisms have been proposed to describe the retention of 
trace EDCs by membrane separation processes. Previous studies (Hu et al., 2006; 
Yoon et al., 2004&2006) indicated that hydrophobic adsorption and size exclusion 
governed the EDCs retention by membrane during the initial filtration stage while size 
exclusion could be a dominant removal mechanism once steady-state operation was 
achieved. Furthermore, Nghiem et al. (2004a) suggested that at the later filtration stage, 
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the retention was lower than that expected based solely on the size exclusion 
mechanism. They attributed this behavior to partitioning and subsequent diffusion of 
EDC molecules in the membrane polymeric phase, which ultimately resulted in a 
lower retention. Although this mechanism might explain the transport of trace EDCs 
through NF/RO membranes, it was proposed based on only two kinds of NF 
membrane with the same material (polyamide). Therefore, further research is still 
needed to understand the removal mechanism of trace EDCs by NF/RO membranes 
with different materials. This information will be useful to explain the different 
rejection performances between PA membrane and CA membrane.  
 
In summary, physicochemical properties of EDCs, initial feed water concentration, 
membrane properties and solution chemistry seem to be major factors affecting the 
rejection of trace EDC in a single-organic solution. However, such studies regarding 
trace EDCs rejection are still scarce and there is a need to further expand our 
understanding of the retention mechanisms at such low concentrations in membrane 
processes as elaborated previously. Moreover, results derived from a simple solution 
cannot be extrapolated to the mixtures typically encountered in a real aquatic 
environment. Recognizing this problem, some scientists have started to study the 
rejection characteristics of target EDCs in more complex solutions with the presence of 
other DOM. These studies will be reviewed in the following section. 
 
2.4.2 In Solution Containing other DOM 
The influence of bulk organic matters in feed solution on trace EDCs retention has 
been examined in several studies. Some experimental results showed that the presence 
of other DOM could enhance the retention of target EDC by membranes. Agbekodo et 
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al. (1996), Devitt et al. (1998) and Katarzyna et al. (2002) reported DOM enhanced 
atrazine rejection and the ‘enhancement effect’ was dependent on the relative 
concentration of DOM and atrazine as well as the type of bulk organic matter. Nghiem 
et al. (2004b) found that the presence of NOM and EfOM in feed solution could 
enhance E1 retention. They hypothesized this might be due to the interaction of DOM 
with E1. However, the authors ignored the role of pore clogging in the enhanced 
removal due to adsorption of NOM onto membranes. More recently, the studies 
conducted by Yoon et al. (2004) indicated the similar phenomena that E2 retention by 
NF membrane increased from 15 to 70% in the presence of NOM. The authors 
suggested this might be due to decreasing membrane pore size because of NOM 
adsorption while the contribution of the possible interaction between NOM and EDCs 
to the enhanced removal was simply ignored in this study. It is apparent that the 
‘enhancement effect’ of DOM on EDCs rejection during NF/RO membrane processes 
should be attributed to the combination of  the interaction between DOM and EDCs as 
well as the interaction between DOM and membrane. However, which interaction 
plays a dominating role in the improved EDCs rejection has not been well understood 
yet. Further study is needed to clarify this issue. 
 
Different findings regarding the effects of other DOM on target EDC removal by 
membranes were also reported. Some scientists reported that when E1 was spiked into 
secondary effluent matrix, NOM water sample and FA solution, the rejection of E1 
decreased compared with that attainable in a single-organic solution (Bellona et al., 
2004). Yoon et al. (2004) observed the similar phenomenon that E2 removal by UF 
membrane decreased from 60-95% in single-organic solution to 10-20% in the solution 
with the presence of NOM. They suggested this might be due to competition for 
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adsorption sites by NOM. 
 
The different experimental results outlined above indicate the complexity of rejection 
mechanism of target EDCs in the water matrix with the presence of other DOM. This 
complex removal mechanism is probably due to the heterogeneous mixture of DOM. 
DOM with different properties will have different interaction with both the membrane 
and EDCs and consequently the influence of DOM on EDCs rejection will differ 
accordingly. Therefore, the influence of DOM characteristics, such as hydrophobicity 
and functional groups, is an important area of research that requires further 
investigation. However, due to the associated analytical difficulties, few studies have 
ever been conducted on the intricate relationship between the characteristics of DOM 
and membrane performance on EDC removal. As a result, the underlying causes of the 
observed variability in the influence of DOM on target EDC retention is not fully 
understood. This hampers attempts to describe and predict the importance of DOM in 
the removal of target EDCs during membrane separation processes. Consequently, 
systematic studies on the influence of DOM with various characteristics on the 
rejection behaviour of EDC by NF/RO membranes are desirable and more work is 
needed to fully understand the fundamental removal mechanisms of trace EDCs by 
NF/RO membranes in the real water matrix.  
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CHAPTER THREE 
MATERIALS AND METHODS 
 
 
3.1 Experimental Set-up 
3.1.1 Cross-flow Membrane Test Cell System 
In order to understand the removal mechanism of estrogenic compound in a water 
matrix by NF/RO membranes, a cross-flow membrane unit with a flat-sheet membrane 
cell was employed in this study. The membranes used in this investigation were typical 
commercial flat sheet membranes. 
 
A schematic diagram of the laboratory-scale cross-flow membrane test unit used in this 
study is shown in Figure 3.1. The membrane test unit mainly consisted of membrane 
cell, pump, feed reservoir and temperature control system. In this unit, 40L test 
solution was held in a 50L reservoir and fed to the membrane cell by a pump, capable 
of providing a maximum pressure of 600 psi and a maximum flow of 20 L/min. The 
effective membrane area available in the cell was 169 cm2 (13 cm by 13 cm). The 
operating pressure (either 200 psi or 400 psi depending on the membranes) was set by 
back-pressure regulator and manual valves (Plate 3.1) with the cross-flow rate varying 
between 9.08-9.84 L/min. The temperature of feed solution was maintained at 22 ºC 
throughout the experiment by a recirculating chiller to avoid its influence on the 
rejection of solutes. Pressure, flowrate and temperature were measured by installed 
pressure gauges, flow meters and thermometer, respectively. Each experiment was 
conducted in three steps: 1) the membranes were compacted for at least 2h using 
ultrapure water at the same pressure as the one used for filtration of the test solution 
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until a constant flux was obtained; 2) Pure water flux was determined at the end of 
compaction process; and 3) The feed reservoir was subsequently emptied and filled 
with the test solution containing target estrogenic compound. Thereafter, the filtration 
of test solution was carried out for 24 h in order not to cause overestimation of 
rejection. The retentate flow, which was not passed through the membrane, was 
recycled to the feed water reservoir. The permeate flow was also recycled to the feed 
tank except for sample aliquots. At specific intervals, feed and permeate samples were 
collected for analysis. The adsorption amounts of target compound on membrane were 
calculated from a simple mass balance using solute concentrations in feed water and 





PiPF CVnnVVCVCVAVC ))1(( 0
01
00 +−−+++= ∑∑                                   (3.1) 
where CF0 is estrone concentration in initial feed tank; V0 (40 l) is the initial volume of 
feed water; A is the amounts of target compound adsorbed on membrane; VP (420 ml) 
and VF (420 ml) are the volumes of permeate and feed sample collected, respectively; 
n is the number of sample collected and CFi and CPi are the feed and permeate 
concentration at specified intervals, respectively. 





CR −×=                                                                                                       (3.2) 
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Figure 3.1  Schematic Diagram of A Cross-flow Filtration Unit 
 




Plate 3.1  The photo of cell membrane system 
(A) front view of the cell membrane system; (B) close view of an open cell 
 
Four types of membranes (OSMONICS, Sepa membranes, U.S.A.) with designations 
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membranes made of CA and PA polymers, respectively. DL and CK membranes were 
NF membranes made of thin film composite (TFC) and CA polymers, respectively. 
Table 3.1 presents the membranes’ characteristics provided by the manufacturers. The 
flat sheet membrane was cut into coupons of size required by the membrane filtration 
cell, stored in ultrapure water for a minimum of 24 h at about 4 ºC prior to use, with 
ultrapure  water being replaced regularly. A fresh membrane was used for each 
experiment. The operation pressure was 200 psi for AK, DL, CK membranes and 400 
psi for CG membrane, respectively.  
Table 3.1  Characteristics of Flat Sheet Membranes 






CG RO CA 92 2-8 70-100 30/420 
AK RO PA 99 4-11 70-100 26/115 
CK NF CA 92-2K Na2SO4 2-8 
150-300 28/220 
DL NF TF 96-MgSO4 2-11 150-300 31/100 
* Salt rejection is based on NaCl, if not indicated. 
 
3.1.2 Fractionation Process 
To fulfil the study objectives, dissolved EfOM was fractionated into six types of 
organic fractions, namely HpoA, HpoB, HpoN, HpiA, HpiB and HpiN. The original 
water used was secondary effluent collected from a local STP. Supelite™ XAD-8 resin 
(SUPELCO, U.S.A.), AG-MP-50 cation exchange resin (Bio Rad, U.S.A.) and 
Amberlite IRA-96 anion exchange resin (Rohm and Haas, France) were the resin used. 
They were pre-purified using the Soxhlet extraction method described by Leenheer 
(1981). 
 
A flowchart of the fractionation procedure is shown in Figure 3.2. The secondary 
effluent collected was first treated by microfiltration (0.05 micron, OSMONICS, 
U.S.A.) to remove suspended solids and colloidal particles, and was then adjusted to 
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pH 7 by HCl (0.1 M) prior to isolation steps. Thereafter 100-300 L (according to resin 
capacity) water sample was passed through three types of resins with a flow rate of 24 
ml/min. The compounds adsorbed by the first XAD-8 resin column were eluted using 
0.1 M HCl; this part was named as Hpo-B. To make sure that total HpoB was eluted 
out, 0.1 M HCl was continuously introduced into the column until the residual DOC 
concentration was less than 0.02 mg/L. Similarly, the final DOC concentration was 
determined to confirm that the residual DOC concentration was less than 0.02 mg/L. 
This procedure would ensure that each fraction was totally eluted out. The filtrate 
through the XAD-8 resin was acidified to pH 2 with 2 M HCl and then re-introduced 
into the second XAD-8 column. The organic matters adsorbed by the second XAD-8 
resin column were eluted using 0.1 M NaOH and a brownish solution containing 
HpoA was obtained. The residual matters on the second XAD-8 resin column were 
then washed out by methanol. A vacuum concentration instrument (BÜCHI Rotavapor 
R-124, Switzerland) was used to concentrate this solution. The Rotavapor was 
operated under a vacuum pressure of around 900 mbar and a temperature of 65 °C with 
a rotation speed of 50 rpm, and the evaporation process lasted for 20-30 min. Methanol 
was vaporized from the solution so that the effect of methanol on the analysis of DOC 
could be ignored. The concentrated residual was then redissolved in ultrapure water, 
and this part was named as HpoN. 
 
The portion that passed through the second XAD-8 resin column, containing only 
hydrophilic solutes, was pumped through the AG-MP-50 cation exchange resin 
column. HpiB, retained on this cantion exchange resin, was eluted by 2 M HCl. The 
filtrate was then pumped through the IRA-96 anion-exchange resin column and the 
HpiA absorbed on this resin was eluted with 1 M NaOH. The final effluent, which 
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passed through three types of resins, was defined as Hpi-N. 
 
 
Figure 3.2  Isolation Procedures by Column Adsorption 
 
3.2 Chemicals and Solution Chemistry 
Amongst many types of estrogenic compounds, estrone was selected for this study 
because of its high persistence, high estrogenic potency and moderate concentration in 
aquatic environment. Moreover, estrone is a good representative of steroid hormones. 
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from Sigma-Aldrich (Singapore). The latter was used as an internal standard. The 
physical-chemical properties of estrone have been summarized in Table 2.1. Diameter 
of estrone molecule is estimated to be about 0.8 nm using Stokes-Einstein equation 
(Schäfer et al., 2003). Estrone has a very low solubility in water, but the molecules are 
very stable. Its logKow suggests its hydrophobic nature and moderate to high binding to 
organic colloids and macromolecules in water (Nghiem et al., 2004b). The acid 
dissociation constant, pKa, of estrone is 10.4. Hydroxyl and carbonyl functional 
groups of estrone can facilitate the formation of hydrogen bonding between estrone 
molecule and other molecules (Figure 2.1). Theoretically, estrone can be either a 
proton-donor or a proton-acceptor species. 
 
Primary stock solutions of estrone were prepared at a concentration of 200 mg/L by 
weighing 10 mg of estrone powder in a 50 ml volumetric flask and diluting to 50 ml 
volume mark with methanol. A solution of estrone-2,4,16,16-d4 was prepared in 
methanol at a concentration of 80 mg/L. The stock solutions were prepared once a 
month and stored at -20 ºC prior to use. In this study, all solvents used were obtained 
from Sigma-Aldrich (Singapore) and were of HPLC grade. Ultrapure water of a quality 
superior than 18 MΩ/cm was used for all solution preparations (except stock solutions 
of estrone and estrone-2,4,16,16-d4), preconditioning of membranes and experiments.  
 
HS and polysaccharide were selected as model NOM in this study because they are 
both prevalent in environment and have the different characteristics. HS represents 
more hydrophobic NOM while polysaccharide represents more hydrophilic NOM. HS 
used was HA (sodium salt) obtained from Aldrich Chemical Corporation (Singapore). 
As showed in Section 2.2.4, Aldrich HA has an average MW ranging from 4100 to 
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4637 Dalton (Chin et al., 1994; Yamamoto et al., 2003). Major functional groups 
within its structure are carboxylic acid, alcoholic and/or phenolic hydroxyls, ketone, 
quinone and alkyl groups (Ewa and Grazyna, 2005). The polysaccharide used was 
uncharged dextran with dense coil structure (Figure 2.2). Dextran was bought from 
Sigma-Aldrich (Singapore) and has an average molecular weight of 80900 Dalton 
according to the manufacturer. HA and dextran was prepared as 500 mg/L and 200 
mg/L, respectively, organic carbon stock solutions, which were stored at 4 ºC in the 
dark prior to use.  
 
The background electrolyte of feed water consisted of 1 mM NaHCO3 and 8 mM NaCl 
and pH was adjusted to 7. Generally, there are four types of feed solutions used in this 
study (unless otherwise specified, pH was adjusted to 7): 
1) Background electrolyte solution with spiked estrone (100 ng/L)  
2) Background electrolyte solution with spiked estrone (100 ng/L) and model NOM 
(3.5 mgC/L)  
3) Background electrolyte solution with spiked estrone (100 ng/L) and isolated 
organic fraction (1 mgC/L or actual DOC level) derived from treated effluent  
4) Secondary effluent after microfiltration with spiked estrone (100 ng/L) 
 
Solutions with different pH values (pH 4, pH 7 and pH 10.4) were accomplished by 
addition of 1M HCl or NaOH to ultrapure water containing 1mM NaHCO3, followed 
by addition of NaCl to adjust ionic strength to the same value as in the background 
electrolyte solution mentioned above. Feed solutions with different ionic strength were 
obtained by the addition of NaCl to the ultrapure water containing 1 mM NaHCO3 and 
pH was adjusted to neutral. The selected ionic strengths were 8 mM, 50 mM and 100 
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mM as NaCl. CaCl2 was used as the divalent calcium ion source. The added calcium 
concentration in feed water was up to 24 mg/L (0.6 mM). Studies on effect of water 
chemistry (pH, ionic strength and Ca2+ concentration) were performed with DL 
membrane in pure E1 solution (1st type of feed solution mentioned above), E1-HA 
solution (2nd type) and E1-HpoA solution (3rd type with actual DOC level). 
 
3.3 Sampling and Analysis Methods 
3.3.1 Water Sampling 
The secondary effluent was collected from a local STP. The water sample was 
collected and transported to the laboratory within 1 hour and stored in dark at 4 °C 
before use.  
 
For filtration experiments, both the feed and permeate were collected in glass Duren 
bottles, normally 420 ml, for analysis at stipulated timings during the whole separation 
processes. All glassware used was soaked in 10% HCl for 24 h and then rinsed 
thoroughly with ultrapure water, followed by combusting at 550 ºC for 6 hours. 
Sample preservation was accomplished by storing the bottles at 4 °C immediately after 
sampling. Extraction and analysis were performed within 12 hours of collection.  
 
3.3.2 Estrone Detection 
3.3.2.1 Solid Phase Extraction Procedure 
Estrone was extracted from aqueous sample by using OASIS HLB cartridge (500 mg, 
6 ml) from Waters (Singapore). Prior to extraction, 80 ng/L of internal standard (E1-d4) 
was added to the sample water for quantification. The SPE cartridges were sequentially 
preconditioned with 6 ml of diethylether, 5 ml of methanol and 10 ml of ultrapure 
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water. 400 ml of water sample was then loaded through the cartridge at a flow rate of 3 
ml/min with the aid of a vacuum pump. After sample loading, the cartridge was dried 
by vacuum pressure (–5 inch Hg) and then washed with 5 ml of ultrapure water 
followed by 5 ml of methanol-ammonia-water (5:2:93, v/v). Then the cartridge was 
eluted with 10 ml of a methanol-diethylether (10:90, v/v) solution at an elution rate of 
3 ml/min. The final eluant was collected in a brown glass vial and was allowed to dry 
under a gentle stream of nitrogen. After drying, the residuals were dissolved in 400 µl 
of methanol. Finally, the sample extract prepared using the above SPE procedure was 
concentrated to 1000-fold that of the original water sample. Estrone recovery was not 
matrix-dependent due to the using of internal standard. The mean recovery was 99.0 ± 
7.4% (n=16). The concentration of estrone in the final extract was measured by 
LC/MS/MS apparatus (Plate 3.2).    
 
 
Plate 3.2  LC/MS/MS Apparatus  
 
3.3.2.2 LC/MS/MS Analysis 
Liquid chromatography (LC) apparatus consisted of an Agilent 1100 autosampler, 
Agilent 1100 column oven and an Agilent 1100 LC binary pump (Agilent, Singapore). 
Samples were separated using a ZORBAX 150×2.1 mm i.d. column filled with 3.5 µm 
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C18 revered phase packing (Agilent, Singapore) and a guard column XDB-C8 12.5 
×2.1 mm i.d. supplied by Agilent (Singapore). A binary gradient consisting of 
ultrapure water (A) and acetonitrile (B) at a flow rate of 300 µl/min was used. Table 
3.2 presents the LC gradient conditions. The initial composition of mobile phase was 
80% of A and 20% of B, linearly decreased to 5% of A in 3 min, remained the same 
for 3 min, immediately adjusted to 80% of A, then kept constant for 3 min for cleaning 
the column. 
Table 3.2 LC Gradient Conditions: A = Water, B = Acetonitrile 
Step  Total Time  (min) 






0 0.00 300 80.0 20.0 
1 3.00 300 5.0 95.0 
2 6.00 300 5.0 95.0 
3 6.10 300 80.0 20.0 
4 9.10 300 80.0 20.0 
 
For MS detection, a MDS-Sciex (Applied Biosystems, USA) API 2000 tandem triple-
quadropole mass spectrometer equipped with a Turbo Ion Spray source operated in the 
negative-ion (NI) mode was used.  The ion spray voltage was -4500 V. The turbo ion 
spray probe temperature was maintained at 450 ºC. Nitrogen gas was supplied as 
nebulising, drying, curtain and collision gases. The dwell time transition was 200 ms. 
Data processing was performed with the software analyst 1.4 obtained from the 
supplier. The multiple reaction monitoring (MRM) mode was chosen for quantitation 
after selecting transitions for target analyte and internal standard on the basis of best 
sensitivities with minimum interference from matrix components. Following MRM 
pairs were chosen: E1: 269.1/145.0 and E1-d4: 273.0/146.9. The calibration points 
were 1.0, 5.0, 10.0, 25.0, 50.0 and 100.0 ng/L. Estrone was calibrated using linear 
regression. Correlation coefficients were required to be at least 0.995 and typically 
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exceeded 0.999. The LOD was 0.5 ng/L, calculated using a signal-to-noise ratio of 3. 
Three measurements were made for each sample. From the estrone concentration in 
feed and permeate using calibration curve, the percent estrone rejection was 
determined.   
 
3.3.3 TOC and UV254 Analysis 
In all cases, the concentrations of organic matter (such as HA, dextran and isolated 
organic matter derived from treated effluent) were determined by a total organic 
carbon (TOC) analyzer (Shimadzu TOC-Vcsh, Japan) (Plate 3.3). The instrument was 
set on high sensitive catalyst and NPOC (non-purgeable organic carbon) analysis. At 
least three measurements were made for each sample, and analytical precision was 
typically less than ±1%. Reagent grade potassium hydrogen phthalate was used as a 
standard. In this study, TOC and DOC were used interchangeably since all solutions 
were microfiltrated before use.  
 
Ultraviolet absorbance (per meter) at a wavelength of 254 nm (UV254) was also 
measured to calculate the specific ultraviolet absorption (SUVA) at 254 nm, which is 
an indicator of the humic content of water sample. In this study, UV/Visible 
absorbance spectra of specific organic matter was collected on a Shimadzu UV-1700 
UV-Visible Spectrophotometer (Japan), as shown in Plate 3.4, using a 1 cm quartz cell 
with ultrapure water as the reference. The SUVA value was calculated as the equation 
below: 
 )/()( 1254 LmgDOCmUVSUVA
−=                                                                            (3.3) 
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Plate 3.3  Shimadzu TOC-Vcsh Total 
Organic Carbon Analyzer 
 
Plate 3.4  The SHIMADZU UV-1700A UV-
Visible Spectrophotometer 
 
3.3.4 Conductivity Analysis 
Conductivity is a measurement of the total ionic strength in water. Although it is a 
general parameter, it does permit a quick and rough estimate of membrane 
performance. In this study, a WTW conductivity meter LF538 (Singapore), was used 
to measure the conductivity of water samples. For each sample, ultrapure water rinsed 
sensor was placed into the sample and a stable reading was obtained after a few 
seconds.  
3.3.5 pH Analysis 
pH analysis were performed in accordance with Standard Methods (APHA, 1995). The 
pH determines the dissociation percentage of inorganic and organic solutes in water. It 
also affects the membrane characteristics. A HORIBA (Japan) F-24 pH/ion meter was 
used to determine the pH immediately after sampling.  
 
3.3.6 Molecular Weight Analysis 
MW of organic matters is an important parameter as it provides the range of the 
molecular size of particular organic matters. Molecular size will affect the organics 
adsorption behaviour on membrane surface and the rejection characteristic based on 
size exclusion. In this study, the average MW of selected NOM surrogate and isolated 
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effluent organic fractions was determined using HPSEC. The HPSEC analysis was 
performed on a Shimadzu (Japan) HPLC instrument LC-10AT VP (Plate 3.5) with a 
Polymer Laboratories aquagel-OH column. The mobile phase was composed of 
ultrapure water buffered with phosphate to a pH of 6.8 and NaCl to yield an ionic 
strength of 0.1 M. The flow rate was fixed at 0.8 ml/min. MW standards were 
composed of polystyrene sulfonates (PSS) with different MW (210, 1800, 4300, 6800, 
13000) and acetone. The calibration curves were semi-log linear over the range defined 
by the standards and were used to determine both number- and weight-average 
molecular weights. An SPD-M10A VP Shimadzu Diode Array Detector operating at 
260 nm was used for the detection of analytes and standard materials.   
 
Plate 3.5  High performance liquid chromatography (HPLC)  
 
3.3.7 Ion Analysis 
The concentration of specific ions in water samples was analyzed using a Dionex 
(USA) ion-chromatography DX500 system, equipped with a GP50 gradient pump, an 
AS40 automated sampler, an injector with a 25 µl sample loop, and a CD20 
conductivity detector. The chromatographic separation of the analytes was carried out 
at a flow rate of 1.0 ml/min. The columns, composition of the eluent and detection 
systems used for both cation and anion during the chromatographic runs were 
summarized in Table 3.3.  
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Table 3.3 Chromatographic Parameters Employed for Cation and Anion Detection 
Chromatographic 
Parameter Cation Anion 
IC Column IonPac CS12A (4×250mm) IonPac AS9-HC 4mm 




Composition 0.5 mM sulfuric acid 0.5 mM sodium carbonate 
Detection System CSRS-ULTRA 4-mm ASRA-ULTRA II 4-mm 
 
 
Plate 3.6  The Dionex ion chromatography system 
 
3.3.8 Charge Measurement 
HpoA fraction was titrated to obtain organic acid dissociation as a function of pH 
under a CO2-free atmosphere. An electrolyte (NaCl) was used to maintain a constant 
ionic strength at 8 mM, 50 mM and 100 mM, respectively. Test solution containing 
target organic acid was acidified to approximately pH 2 with 3 M HCl. 50 ml of 
solution was then placed in a beaker and titrated with 0.1 M and / or 0.5 M NaOH from 
approximately pH 2 to 11. All measurements were performed under a nitrogen 
atmosphere. Around a hundred points were measured for each titration to produce the 
titration curve (amount of titrant added vs. pH), which was then transformed into 
charge vs. pH curves. The concentration of ionized functional groups, Q, of the sample 
expressed in mmol/mg C was calculated from the concentration of H+ ions released 
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from the HpoA on each addition of titrant base, using the following charge balance 






−+ −++=                                                                             (3.4)          
Where V0 is the initial volume of the sample, [H+] is the hydrogen ion concentration, 
[OH-] is the hydroxide ion concentration, V and Cb are the volume and concentration, 
respectively, of the base titrant added, and [HpoA] is the HpoA concentration in mg/L.    
 
3.3.9 Structural Characterization 
To better understand the interaction between DOM and estrone, the solid-state FTIR 
and 13C nuclear magnetic resonance (13C NMR) spectra were conducted to analyze the 
structural characteristics of DOM isolated from treated effluent and commercial HA. 
Prior to any analysis, DOM samples were freeze-dried by a Freeze Dryer (Model 
75200, Labconco, USA) to obtained solid samples. 
 
The FTIR spectra of samples were collected by a Varian Excalibur 3100 FTIR 
spectrophotometer (USA) using KBr pellet containing around 1% of target sample. 
Briefly, the KBr pellets for analysis were prepared by mixing, grinding, and pressing 
samples with 100 mg of KBr powder under 10000 kg/cm2 during 10 min. IR signals 
were acquired by averaging 64 scans ranging from 4000 to 400 cm-1 at a resolution of 
4 cm-1.   
 
The solid-state 13C NMR spectra for different freeze-dried samples were recorded by 
cross-polarization magic angle spinning technique (CPMAS) on a Bruker DRX400 
spectrophotometer (Germany) at 100.61 MHz. A contact time of 1ms and a pulse delay 
of 1s were used. At least 5976 single scans were collected for each sample. Chemical 
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shift were externally referenced to the glycine resonance at 176 ppm. For data analysis, 
the spectra were divided into chemical shift regions assigned to the following classes 
of chemical groups: alkyl C (0-45 ppm), O-alkyl C (45-110 ppm), aromatic C (110-
160 ppm), phenolic C (140-160 ppm), carboxyl C (160-185 ppm) and carbonyl C 
(185-220 ppm), respectively.   
 
3.3.10 Membrane Characterization 
Pore characteristics, surface roughness and hydrophobicity of the membrane materials 
will affect the rejection characteristic and the adsorption behaviour of organic matters. 
Charge property of membrane surface will affect the separation based on electric 
exclusion mechanism. Therefore it is necessary to analyze membrane characteristics 
for an in-depth understanding of the removal mechanism of estrone by membranes 
from aquatic environment. In this study, the membranes were characterized for 
MWCO, contact angle, charge property and surface roughness via different 
instruments showed as follows.  
 
3.3.10.1 MWCO Determination  
In order to characterize the membrane pore size, MWCO was determined using 
polyethylene glycol (PEG) with MW of 200, 400, 600 and 1000 Da, purchased from 
Fluke (Switzerland). Filtration tests were performed using the same cross-flow 
membrane test unit as used in the estrone filtration tests with clean membrane. A PEG 
concentration of approximately 6 mg/L as DOC was used for each of the PEG 
rejection measurements in electrolyte background solution (1 mM NaHCO3 and 8 mM 
NaCl, pH 7). After adjusting the pressure (200 psi for DL, CK and AK membranes and 
400 psi for CG membrane), the membrane test unit was run for 1 h before collecting 
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samples for analyzing PEG rejection based on DOC measurement in feed and 
permeate.  
 
3.3.10.2 Contact Angle Measurement 
Contact angle is a measure of wettability of the membrane surface. This can be 
interpreted as the hydrophobicity/hydrophilicity of the membrane. A higher contact 
angle indicates a greater hydrophobicity of the membrane surface. In this study, the 
contact angle was measured between a water droplet, the membrane surface and the air, 
using a goniometer (Ramé-hart contact angle goniometer, Imaging System, Mountain 
Lakes, NJ, USA) (Plate 3.7) by sessile drop method with ultrapure water as the 
reference liquid. Each virgin membrane was first rinsed by floating it, skin side down, 
in a container of ultrapure water for 24 h, and changing the water three times. The 
rinsed membranes were dried in a closed desiccator for a day prior to measurement. 
Membrane samples were cut into small pieces and mounted on a glass slide taped on a 
support. An approximately 2.0 µl droplet of ultrapure water was dropped onto the dried 
membrane surface with a microliter syringe. A light source was placed behind the 
sample and the contact angle was measured with the goniometer immediately after the 
drop placement. Each membrane was characterized by 6 replicate measurements and 
the estimated standard deviation was less than 2º.  
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Plate 3.7  Ramé-hart contact angle 
goniometer  
Plate 3.8 EKA electro kinetic analyzer  
 
 
3.3.10.3 Zeta Potential Determination 
Zeta potential gives insight into the charge property of membrane surface. In this study, 
the surface zeta potentials for all membranes were estimated from streaming potential 
measurements using a commercial Electro Kinetic Analyzer (EKA) from Anton Paar 
(Austria) as shown in Plate 3.9. This instrument utilizes Ag/AgCl electrode to measure 
the streaming potential that is induced when a test solution flows across a stationary, 
charged membrane. To prevent polarization of the electrodes, the direction of flow 
through membrane sample was alternated for each run. Moreover, the electrodes were 
stored in 1 mM KCl solution overnight to prevent build-up of charge. Membrane 
samples were cut into rectangular shape (127 mm × 50 mm) with necessary holes and 
channel according to the template. Then the membrane samples were put into a beaker 
containing the solution to be tested for at least 1h. After assembling the membrane 
samples into membrane cell, the test solution was recirculated through the membrane 
cell for 30 min before the first measurement was made. Sensors for measuring pH and 
conductivity of test solution were performed externally. The zeta potential was 
determined by measuring both the streaming potential and specific electrical 
conductivity of the test solution using the Helmholtz-Smoluchowski equation with the 
Chapter Three – Materials and Methods 
 65
Fairbrother and Mastin substitution (EKA instruction manual). The measurement was 
PC controlled by the Windows based VisioLab control and evaluation software for 
EKA 1.00 (Anton Paar, Austria). The result shown for each test solution was an 
average of eight measurements taken in that solution chemistry.  
 
3.3.10.4 Surface Characteristics Analysis 
The Atomic Force Microscopy (AFM) used in this study to image the membrane 
surface was a multimode scanning probe AFM, supplied by Digital Instruments, USA 
(Plate 3.9). This technique does not require any special preparation of the sample. 
Square pieces (5 mm × 5 mm) of the membrane were cut and attached to metallic disc 
using double-sided tape and allowed to air dry before AFM scanning was performed. 
The membrane surface was imaged in tapping mode with an oscillating tip. From the 
AFM analysis of membrane surface, various statistics related to the surface roughness 
could be obtained using an AFM software program (Digital Instruments, USA). In this 
study, the surface roughness was defined as the ratio of the actual surface area to the 
projected surface area. 
 
 
Plate 3.9  The MultiMode™ AFM scanning 
probe microscope 
Plate 3.10  The JSM 6700F field emission 
scanning electron microscope (FESEM) 
 
Image analysis by field emission scanning electron microscopy (FESEM) was also 
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performed to visualize the changes in morphologies of membrane surface after 
filtration test.  In this study, the surface features of membrane were investigated using 
JEOL JSM-6700F FESEM operating at 15 kV (Japan) as shown in Plate 3.10. Both of 
the new membrane and membrane after filtration tests were rinsed with ultrapure water 
and dried at room temperature. Prior to SEM examination, the specimens, less than 1 
cm2, were mounted with double side carbon tape on sample holder and then thin-
coated with platinum (Pt) powder on the surface for 40 s at 4×103 Pa vacuum using a 
JEOL Autofine JFC-1300 Coater (Japan). 
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CHAPTER FOUR 
RESULTS AND DISCUSSIONS 
 
 
4.1 Membrane Characterization 
The performances of NF/RO membranes are markedly influenced by the physical and 
chemical characteristics of the membrane surface, such as pore size, membrane charge, 
hydrophobicity as well as surface roughness. Therefore, a thorough characterization of 
membrane surface is necessary for understanding the removal mechanisms of steroid 
hormone estrone by NF/RO membranes. In this study, these characteristics were 
investigated by MWCO determination, zeta potential measurement, contact angel 
measurement and AFM surface analysis.  
 
Figure 4.1 shows the rejection of PEG by the four kinds of NF/RO membranes against 
the MW of the PEG. The MWCO of a membrane is typically defined as the MW of a 
solute that is rejected at 90% when the solutes used are non-charged model compounds 
(Braghetta et al., 1997). As shown in Figure 4.1, the AK membrane apparently had a 
MWCO value smaller than 200. The other three kinds of membrane, namely, CG, DL 
and CK membranes had MWCO values of around 300, 490 and 560, respectively. 
They seem to have larger membrane pore sizes than AK membrane.  
 






























Figure 4.1 PEG rejection versus PEG MW 
 
The values of zeta potential, contact angle and surface roughness for the four kinds of 
NF/RO membranes used are presented in Table 4.1.  






Surface Roughness  
(Srf Area/Prj. Srf. Area) 
DL -16.3 (±1.2) 30.7 (±2.7) 1.0642 (±0.0054) 
CK -6.0 (±0.3) 54.2 (±1.4) 1.0046 (±0.0018) 
AK -19.9 (±0.2) 41.7 (±1.3) 1.2931 (±0.0102) 
CG -10.6 (±0.6) 63.2 (±1.7) 1.0087 (±0.0023) 
a Zeta potential on membrane surface was measured in the electrolyte background solution 
 
The zeta potential characterization provides a qualitative insight into the charge 
properties of the membrane active layer. It is noted from Table 4.1 that all the four 
kinds of NF/RO membranes used in this study were negatively charged when the zeta 
potentials were tested in the typical electrolyte background solution (1 mM NaHCO3 
and 8 mM NaCl, pH 7). AK membrane showed most negative zeta potential, followed 
by DL, CG and CK membranes in a descending order. It is apparent that the zeta 
potential was greater for the membranes with surface material of PA (AK and DL) 
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than the membranes made of CA (CG and CK).  
 
The contact angles were measured immediately after deposition to avoid errors due to 
spreading of the drop caused by surface capillary forces (Schäfer et al., 2004). It can 
be seen from Table 4.1 that the contact angles of CG (63.2 º) and CK (54.2 º) 
membranes were higher than those of AK (41.7 º) and DL (30.7 º) membranes. A 
higher contact angle indicated that the membrane surface was more hydrophobic. The 
above results therefore suggested that CA membranes (CG and CK) were hydrophobic, 
whereas PA membranes (DL and AK) were only moderately hydrophobic. This 
observation implies that CA membranes would adsorb more estrone molecules from 
aquatic solutions than PA membranes if hydrophobic-hydrophobic interaction between 
estrone and membrane is the dominating adsorption mechanism.  
 
The surface unevenness of NF/RO membrane skin layer is regarded as an enlargement 
of the effective membrane area, which will affect the adsorption capacity of membrane 
as well as the water flux through the membrane. Table 4.1 also illustrates the surface 
roughness of each membrane. Results show that AK membrane had the roughest 
surface, while CA membranes (CK and CG) had relatively smooth surfaces. These 
surface variations may be attributed to the nature of membrane top layer materials.  
      
4.2 Rejection of Estrone in Single-Organic Solution by NF/ RO Membranes 
Filtration of estrone in a single-organic solution may provide the baseline from which 
the effect of other DOM on estrone removal during NF/RO membrane separation 
processes can be found. In this case, the rejection of estrone by four kinds of NF/RO 
membranes was studied in pure electrolyte solutions. Prior to the filtration experiments, 
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the possibility of evaporation and adsorption of estrone onto the experimental 
apparatus, such as feed tank, tube and membrane test vessel, was examined by 
circulating the feed water containing estrone without inserting membrane. It was 
observed that estrone concentration in the feed tank was roughly constant with a 
variation of between 1 – 5% during this control test, indicating that the evaporation 
and adsorption onto the experimental system could be neglected (data not shown).   
 
4.2.1 Filtration of Estrone by Four Kinds of NF/RO Membranes 
The concentrations of estrone, measured at specific time interval, in feed and permeate 
may reveal the mechanisms by which rejection occurs. Figure 4.2 illustrates the 
changes of estrone concentrations in both the feed water and the permeate as a function 
of time over the entire filtration period using the DL, CK, AK and CG membranes. It 
is noted from Figure 4.2 that estrone concentration in feed solutions decreased 
continually over the first 13 h and stabilized at the later stage of filtration test. As both 
concentrate and permeate were recirculated back to the feed tank throughout the 
filtration test, the observed decrease of estrone concentration in feed was most 
probably attributed to estrone adsorption onto and/or in the membranes during 
separation processes. After around 13 h, the stabilized feed concentration of estrone 
indicated that estrone adsorption on membrane may have reached an equilibrium state.  

































































































Figure 4.2 Feed and permeate concentrations of estrone in electrolyte background solution as a 
function of filtration time for (A) DL, (B) CK, (C) AK and (D) CG  
 
Both hydrogen bonding and hydrophobic interaction have been suggested to account 
for the adsorption or partition of estrone to the membrane. However, the exact 
adsorption mechanism involved is still not clear (Nghiem et al., 2004a). The 
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percentage of estrone adsorbed on membrane at the end of filtration stage was 
calculated based on mass balance and the results are presented in Table 4.2. Generally, 
it is observed that NF membranes could adsorb more estrone than RO membranes. For 
example, the percentage of estrone adsorbed on CK membrane was 33.9% when 
equilibrium between estrone and the membrane had been established, while the 
corresponding values for CG membrane was only 23.0%. These phenomena could be 
attributed to the fact that NF membranes have larger pore size in the active layer than 
RO membranes. During membrane filtration processes, estrone molecules can be 
pushed through the active layer on membrane surface and then further adsorbed inside 
of the membrane under the influence of applied pressure. In this case, loose NF 
membranes encourage more estrone molecules to transport into the inside of 
membrane and thus more estrone can be adsorbed by NF than the tight RO membranes.  
 
When comparing among the RO or NF membranes, the adsorption of estrone on 
membranes with the top material of CA (CK and CG) was greater than the membranes 
with the top material of PA (DL and AK).  As outlined in Section 4.1, CA membranes 
are more hydrophobic than PA membranes based on their contact angle values. Thus, 
in addition to the membrane pore size, the hydrophobicity of membrane may be an 
influential factor in determining the adsorption of hydrophobic estrone onto the 
membrane. This observation is reasonable as a higher hydrophobicity of the membrane 
should result in more adsorption of hydrophobic organic compounds due to the higher 
hydrophobic interactions between organic compounds and the membrane.  
 
In general, a rougher surface morphology of the membrane would result in more 
adsorption of organics on membrane as a rougher membrane surface provides more 
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surface area for the organic molecules to attach to compared to a smoother surface (Li 
et al., 2006; Shan, 2005). In spite of the roughest surface morphology, the AK 
membrane showed the lowest adsorption capacity of estrone. This observation 
indicated that surface roughness is a less important factor governing the effect of 
membrane characteristics on the adsorption of trace organic contaminants compared 
with pore size and hydrophobicity.  
 
Adsorption of estrone on membrane may lead to permeate flowrate decline. However, 
in single-organic solution, reduction in permeate flowrate was not observed for any of 
the membrane tested. This phenomenon might be attributed to the very low 
concentration of estrone (100 ng/L) used in the tests. 
Table 4.2 Estrone adsorption and removal at equilibrium state in single-organic solution 
Membrane Adsorbed Estrone on Membrane / Estrone Mass in Initial Feed Solution (%)
Ultimate Estrone Rejection 
(%) 
DL 27.0 15.3 
CK 33.9 8.2 
AK 21.8 89.8 
CG 23.0 18.5 
 
In contrast to the decrease of estrone concentration in feed solution, the permeate 
concentration increased as filtration proceeded and then stabilized after around 13 h. 
This observation suggested that the adsorption of estrone on membrane has reached 
equilibrium at the end of 13 h of operation. Similar trend was also observed elsewhere 
(Kimura et al., 2003b; Nghiem et al., 2004b). The stabilized estrone concentration in 
permeate were typically higher than 60 ng/L (63.8 ng/L for DL membrane, 61.4 ng/L 
for CK membrane and 64.1 ng/L for CG membrane, respectively), except for AK 
membrane for which the ultimate permeate concentration was as low as 8.6 ng/L. 
These values were less than the initial feed concentration (100 ng/L) because of size 
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Figure 4.3 Estrone rejection in electrolyte background solution by 4 NF/RO membranes 
as a function of time 
 
The observed rejections of estrone by 4 kinds of NF/RO membranes are presented in 
Figure 4.3. It appeared that estrone rejection was initially higher than 90% and 
decreased continually until it reached a plateau value when adsorption equilibrium 
between estrone and membrane was achieved. The continual decrease in estrone 
observed rejection was not surprising due to the continual decrease in the feed 
concentration of estrone and the corresponding increase in the permeate concentration 
of estrone. This observation suggested that a short-term filtration test (less than 13 h) 
would lead to an overestimation in the removal efficiency of NF/RO membranes for 
estrone. For the results reported herein, all of the rejection efficiency was determined 
based on 23 h of filtration, where the estrone rejection has reached its plateau value.  
 
In membrane separation process, there are three main mechanisms in which organics 
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can be retained. They are charge repulsion, size exclusion and adsorption. In this part 
of the study, the filtration experiments were carried out at neutral pH, thus it was 
unlikely that the estrone molecules became negatively-charged. Hence, the mechanism 
of charge repulsion was not applicable. Therefore, the excellent removal performances 
of all the membranes observed at initial filtration stage could only be attributed to their 
adsorption capabilities and size exclusion.  
 
As shown in Table 4.2, estrone adsorption on membrane at the end of filtration showed 
a negative correlation with the corresponding ultimate estrone rejection. For example, 
in spite of the highest adsorption of estrone (33.9%), CK membrane demonstrated the 
lowest estrone rejection of only 8.2% after 23 h of filtration. These findings indicated 
that the adsorption effect could only contribute to the short-term removal of estrone. 
The other mechanism, size exclusion, would play a predominant role in governing the 
removal of E1 at the later filtration stage.   
        
As the feed solution is continuously filtered through the membrane, more and more 
available sites on the membrane surface and inside the membrane are occupied by 
absorbed estrone with time. When the partition of estrone between feed solution and 
membrane reaches equilibrium, there is no further net adsorption effect taking place 
and thus the contribution from adsorption would be negligible. Under these conditions, 
size exclusion would become the overriding removal mechanism at the later stage of 
filtration. It was noted in this study that after 23 h of filtration, the rejection of estrone 
followed the order: AK (89.8%) > CG (18.5%) > DL (15.3%) > CK (8.2%). These 
results are partially in accordance with the MWCO values of the membranes. However, 
MWCO alone would not be able to provide a precise characterization of estrone 
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rejection after the adsorption equilibrium between estrone and membrane has been 
achieved.  According to the definition of MWCO, estrone with MW of 270.2 should be 
rejected more than 90% by AK membrane given that the MWCO of AK was evaluated 
to be smaller than 200. As seen from Table 4.2, however, the ultimate rejection of 
estrone by AK did not reach 90%. This lower rejection might be due to the diffusion of 
estrone through membrane (Figure 4.4). Diffusion in the dense polymeric phase can 
possibly be accomplished by a series of successive jumps from one equilibrium 
position to another, which usually involve the formation and breakage of secondary 
bonds (Glasstone et al., 1941). These results and interpretation are consistent with the 
general observation made by Kitsuki et al. (2003b) and Nghiem et al. (2004a). Nghiem 
et al. (2004a) attempted to model the retention of hormones with a pore transport 
model and found the model overestimated the retention of hormones. It was suggested 
that the lower retention was attributed to partitioning and subsequent diffusion of 
hormone molecules in the membrane polymeric phase.  
 
According to Pusch (1990), under the action of a pressure gradient across the 
membrane, transport of solutes would essentially occur by convective flow through the 
comparatively large pores of RO membrane if a membrane was proved to be coarse 
porous. Braeken et al. (2006) also reported that convection was the dominant 
mechanism involved in the transport of dissolved organic compounds during 
nanofiltration. Thus, as for the other three kinds of membranes which had the MWCO 
values larger than the MW of estrone, the transport of estrone across the membrane 
should be due to the convection through the membrane pores. Therefore, their low 
rejections can be easily understood by the fact that estrone molecules can readily 
transport across the pores with larger sizes than their diameters (Figure 4.4).     




Figure 4.4 Transport of estrone across NF/RO membranes 
 
Above discussions are consistent with the preferential sorption capillary flow model, 
according to which, rejection of organic solutes by the membrane is a two-step process. 
Firstly, the solute is dissolved or adsorbed by the membrane. Subsequently, the solute 
passes through the membrane by diffusion and/or convection depending on the size of 
compound relative to the pore size of membrane (Bellona et al., 2004). 
 
The difference in estrone rejection among four kinds of NF/RO membranes also 
suggested that the choice of the membrane is crucial. Estrone rejection with time by 
AK membrane was almost constant showing that AK is a reliable barrier. In contrast to 
AK, there was minimal rejection by the CK membrane at the later stage of filtration. 
The greatest difference between initial and equilibrium values of estrone rejection 
might be due to the fact that estrone adsorption on CK membrane was the dominating 
removal mechanism at its initial filtration stage and CK membrane had the poorest 
sieving effect. It is reasonable that estrone rejections by RO membranes (AK and CG) 
are higher than those by NF membranes (DL and CK).  
 
Apart from membrane type needed to be considered, water chemistry (such as pH, IS 
and Ca2+ ion concentration) also plays an important role in NF/RO membrane 
performances for organics removal. The experiments were next conducted to 
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electrolyte (NaCl) concentration, and divalent cations (Ca2+) concentration. Only DL 
membrane was used because DL membrane has the widest pH range (2-11) among all 
of the membranes used in this study.       
 
4.2.2 Effect of pH on Estrone Rejection 
It is known that solution pH value can affect the chemical speciation of dissociable 
compounds as well as the charge characteristics of membrane. Therefore pH is 
expected to affect the rejection efficiency of estrone. This section will analyze and 
discuss the experimental observations on the rejection of estrone in single-organic 
solution by DL membrane at different pH levels, namely, pH 4, pH 7 and pH 10.4. 
Over this wide pH range, it is expected that the target estrone and DL membrane 
would display a wide variation in speciation and charge, thus allowing a more in-depth 
understanding of the removal mechanisms involved.  
 
Based on the Henderson-Hasselbach equation: pKapHC
HA
−+= 101
1][  (where [HA] is 
the concentration of undissociated estrone, C is the total concentration of estrone and 
pKa is acid dissociation constant of estrone), the speciation of estrone will vary with 
solution pH value as illustrated in Figure 4.5. It is evident that roughly 100% of 
estrone is in an undissociated form and thus uncharged at pH below 8. When pH value 
is elevated to 10.4, roughly 50% of estrone molecules in the initial feed water are 
dissociated and negatively charged. At pH values above 10.4, estrone exists 
predominantly as an anionic species.    




























Figure 4.5 Speciation of estrone 
 
Solution pH can affect estrone dissociation and the charge intensity of DL membrane 
as the active layer on DL membrane is made of polyamide. Figure 4.6 shows the zeta 
potential on DL membrane surface versus pH for experiments performed in the 
presence of 1 mM NaHCO3 and 8 mM NaCl. It can be seen that the DL membrane had 
an isoelectric point between pH 3 and pH 4. Above the isoelectric point, the membrane 
was negatively charged as a result of the dissociation of the carboxylic functional 
groups present in the active layer. The membrane became increasingly negative-
charged as pH increased from the isoelectric point to the basic range and eventually 
leveled off at pH above approximately 10. 
























Figure 4.6 DL membrane surface zeta potential measured in background solution (1 mM 
NaHCO3 and 8 mM NaCl) 
 
Estrone removal by DL membrane at different pH levels was then studied. Figure 4.7 
presents the concentration of estrone in the feed and permeate during separation 
process at pH 4, pH 7 and pH 10.4, respectively. It can be seen that the trend in the fate 
and transport of estrone during filtration process at pH 4 was roughly the same as that 
at pH 7. Compared with the results obtained in the corresponding tests at pH 4 and pH 
7, the decline in the feed concentration of estrone was noticeably dampened at pH 10.4. 
This observation indicated that losses of estrone in the feed solution due to adsorption 
on the membrane at pH 10.4 were less than those at pH 4 and pH 7. It can be seen that 
due to less adsorption on the membrane estrone concentration in permeate increased to 
38.8 ng/L at the very beginning of filtration period (within 0.5 h) at pH 10.4, whereas 
it was only 6.1 ng/L at pH 4 and 5.9 ng/L at pH 7. Based on mass balance calculations, 
the ultimate percentage of adsorbed estrone on membrane was only 16.5% at pH 10.4, 
while the corresponding values for pH 4 and pH 7 were 27.5%. This phenomenon is 
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reasonable. At pH 10.4, roughly half of estrone molecules were dissociated and 
negatively charged. In this case, electrostatic repulsion between dissociated estrone 
molecules and the highly negative-charged membrane would reduce the adsorption of 




























Feed E1 Conc. at pH4
Permeate E1 Conc. at pH4
Feed E1 Conc. at pH7
Permeate E1 Conc. at pH7
Feed E1 Conc. at pH10.4
Permeate E1 Conc. at pH10.4
Figure 4.7 Effect of pH on estrone concentrations in feed and permeate during DL 
membrane filtration test in single-organic solution 
 
The dependency of estrone rejection by DL membrane on solution pH value is 
illustrated in Figure 4.8. At all pH conditions, estrone rejection decreased gradually as 
estrone adsorption on membrane progressed and stabilized when the adsorption 
equilibrium between estrone and membrane was established. There was no striking 
difference in the rejection efficiency between the conditions at pH 4 and pH 7. 
However, when pH was elevated to 10.4, the difference between initial and ultimate 
values of estrone rejection by DL membrane was remarkably smaller than its 
corresponding data at pH 4 and pH 7. In particular, the initial estrone rejection at pH 
10.4 (61.3%) was noticeably lower than that at pH 4 (93.9%) and pH 7 (94.1%), while 
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the final rejection of estrone (24.7%) at pH 10.4 was obviously higher than those at pH 
4 (15.0%) and pH 7 (15.4%). The observation with regard to final rejection agreeed 
with results obtained in the study conducted by Nghiem et al. (2005) in which 
dissociation of pharmaceuticals was found to result in dramatic change in rejection by 
NF membrane as a function of pH, with greater rejection observed for dissociated, 




























Figure 4.8 Influence of pH on estrone rejection by DL membrane in single-organic 
solution 
 
These phenomena could be attributed to the ionization of estrone at pH 10.4 and 
increased negative charge on membrane surface in strong alkaline condition. The 
electrostatic repulsive forces between dissociated estrone molecules and highly 
negative-charged DL membrane would decrease the proximity of estrone to the 
membrane surface and thus reduce the adsorption of estrone onto membrane. Under 
this condition, all the adsorptive, sieving and charge effects are instrumental in 
maintaining the initial rejection of estrone at pH 10.4 while coupled influence of size 
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exclusion and charge repulsion determine estrone removal at the later filtration stage 
when adsorption of estrone molecules on membrane reached equilibrium. In contrast, 
estrone rejection at pH 4 and pH 7 was not likely attributed to charge repulsion since 
all estrone molecules are not dissociated at pH below 8 (Figure 4.5).  
 
It should also be noted that membrane pore size might increase under the strong basic 
condition. Braghetta et al. (1997) and Berg et al. (1997) reported at pH 10, the 
rejection of uncharged solutes decreased. This phenomenon may be the result of an 
increase in effective membrane porosity, which is caused by enhanced electrostatic 
charge repulsion between the acidic functional groups within the membrane matrix. 
Therefore, larger pore size of membrane at pH 10.4 should result in a lower estrone 
rejection if size exclusion is the predominating removal mechanism at the later 
filtration stage.   
 
In view of the discussions above, the observation that increased estrone rejection at 
later stage of filtration at pH 10.4 compared to other pH values suggested that 
electrostatic repulsion mechanism could be more overriding than size exclusion 
mechanism for estrone removal by DL membrane when adsorptive effect can not 
account for estrone rejection.  
 
In general, the part of estrone rejection caused by either size exclusion or charge 
repulsion should be almost constant with time. Higher final rejection at pH 10.4 
implied that the part of estrone rejection caused by size exclusion and charge repulsion 
at earlier filtration stage was higher than the part of initial estrone rejection caused by 
size exclusion at pH 4 and pH 7. However, it is interesting to observe that the initial 
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estrone rejection at pH 10.4 was noticeably lower than those at pH 4 and pH 7. This 
can be attributed to the less adsorption of estrone on membrane at pH 10.4. As 
mentioned earlier, the electrostatic repulsion between dissociated estrone and highly 
negative-charged DL membrane would reduce the adsorption of estrone onto 
membrane.  More importantly, the lower initial rejection at pH 10.4 implied that 
adsorption of estrone on membrane would be the dominating removal mechanism at 
the early stage of filtration.  
 
4.2.3 Effect of Ionic Strength on Estrone Rejection 
According to Braghetta et al. (1997), at high IS condition, the electric double layers 
surrounding points of charge along the polymer chains of membrane would be 
compressed and the electrostatic forces of intra-membraneous repulsion would be 
reduced. This may be reflected by a reduced effect in the actual pore sizes of the 
membrane, thus producing a higher sieving effect. In this section, the IS effect on 
estrone rejection was investigated with the addition of NaCl (8 mM, 50 mM and 100 
mM) in feed solutions.  
 
Figure 4.9 shows the estrone rejection by DL membrane under three different IS 
conditions, with NaCl concentrations of 8 mM, 50 mM and 100 mM, respectively. As 
discussed in Section 4.2.1, at neutral pH, both adsorptive and sieving effect are 
instrumental in maintaining estrone rejection during the initial filtration stage while 
size exclusion could be a dominant removal mechanism once adsorption equilibrium 
between estrone and membrane has been achieved. Thus, it is reasonable to believe 
that the rejection curves with different ionic strengths shared a largely similar trend. 
That is, the rejection was initially high and then decreased continuously as estrone 
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adsorption onto membrane progressed and eventually stabilized when equilibrium has 
been established. 
 
Moreover, it can be seen that the decreasing order of estrone removal efficiency at later 
filtration stage was as follows: 100 mM NaCl (37.2%) >50 mM NaCl (26.9%) > 8 mM 
NaCl (15.3%). According to the above discussion that the mechanism of size exclusion 
dominated the ultimate estrone rejection under neutral pH condition, membrane pore 
shrinking caused by a decrease in electrostatic charge repulsion within the membrane 
pore structure at higher NaCl concentration might be responsible for the increased 
ultimate estrone rejection with the increased IS in the feed solution.  
 
The ionic strength effects on estrone rejection observed here is not consistent with an 
earlier study by Schäfer et al. (2003) who reported that the effect of ionic strength on 
estrone rejection by NF/RO membranes was too minor to draw definitive conclusions. 
Data reported in their study was obtained using a dead-end filtration system. It has 
been indicated that dead-end filtration tests may inaccurately represent the long term 
rejection of the membrane (Nghiem et al., 2004), hence, it could be the reason for the 
discrepancy in the effects of IS on estrone rejection observed in both studies.  





























Figure 4.9 Influence of ionic strength on estrone rejection by DL membrane in single-
organic solution 
 
4.2.4 Effect of Calcium Ion Concentration on Estrone Rejection 
Membrane pore structure depends not only on IS of feed solution, but also the 
presence of Ca2+ ions, which can induce a strong interaction with the carboxylic (COO-) 
functional groups in membrane polymers and thus influence the membrane tightness 
(Boussahel et al., 2002). A thorough understanding of the membrane performance for 
removal of estrone requires research on the effects of Ca2+ ions concentration. In this 
section, the effect of Ca2+ ions concentration on estrone removal by DL membrane was 
evaluated with a background electrolyte solution of 1 mM NaHCO3 and 8 mM NaCl. 
The results are presented in Figure 4.10. As elaborated above, all of the three rejection 
curves with different calcium concentrations at neutral pH level followed the trend of 
decreasing rejection with time and then stabilizing after 13 h of operation. After 23 h 
of filtration, similar estrone rejections were observed for Ca2+ ions concentrations 
varied from 0 mM (15.3%) to 0.3 mM (17.6%) with a slight increase at 0.3 mM of 
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Ca2+. When Ca2+ ions concentration in feed solution further increased to 0.6 mM, 




























Figure 4.10 Influence of calcium ion concentration on estrone rejection by DL 
membrane in single-organic solution 
 
Numerous studies have reported that calcium ions could bind to the negative-charged 
membrane, resulting in a reduced negative charge of membrane (Bellona and Drewes, 
2005; Childress and Elimelech, 1996; Deshmukh and Childress, 2001; Hong and 
Elimelech, 1997; Tanninen and Nystrom, 2002). Therefore, the observed increment in 
estrone rejection with increasing Ca2+ ion concentration is most probably due to the 
phenomenon that the specific binding of Ca2+ ions with the negative-charged 
functional groups in membrane could reduce electrostatic repulsion within membrane 
porous structure and thus strengthen the membrane tightness. This in turn would result 
in a hard passage of estrone molecules through membrane pores.  The enhanced 
rejection with the addition of Ca2+ was in agreement with the observation of Boussahel 
et al. (2002), who found that calcium addition could increase the rejection of 
uncharged pesticides by reducing the pore size of NF membranes.  
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4.3 Rejection of Estrone in the Presence of Natural Organic Matter (NOM) 
Investigations on the removal of trace EDCs by NF/RO membranes in single-organic 
solution can provide a fundamental understanding on their removal mechanism during 
membrane separation process and are helpful in evaluating the feasibility of membrane 
technology to remove such trace contaminants from aquatic solutions. However, 
removal efficiencies obtained in such kind of simple solution may not reflect the 
membrane performance in a real water matrix.  
 
Various organic substances are ubiquitous in any aquatic environment. They can be 
responsible for problems such as color, taste and odour in water quality and are 
relevant precursors for the formation of disinfection by-product. More importantly, the 
existence of the bulk organics in aquatic matrix can significantly affect the fate and 
transport of micropollutants such as estrone by binding (Devitt and Wiesner, 1998; 
Kulikova and Perminova, 2002; Yamamoto et al., 2003). Therefore, it is predicted that 
natural organic matter (NOM) which co-present in feed solutions would bind estrone 
molecules and thus improve the rejection of trace estrone due to the interaction 
between NOM and membrane. Alternatively, some portion of NOM can be adsorbed 
onto membrane. The presence of other organic compounds on membrane may either 
lower estrone adsorption on membrane by competing adsorption sites on membrane or 
encourage more estrone partition from aquatic solution. These possible influences of 
NOM on the rejection of estrone molecules during membrane separation processes are 
determined by the characteristics of NOM as well as solution chemistry. Thus, in this 
part of the study, two types of NOMs (dextran and HA) with different physicochemical 
characteristics were chosen to examine the effects of NOM on estrone removal in the 
water matrix containing either dextran or humic acid by two kinds of NF membranes 
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(DL and CK). NF membranes were selected here because estrone rejection by them is 
low so that there is enough room for improvement. 
 
4.3.1 Characteristics of Selected Natural Organic Matter 
Characteristics of NOM may affect the binding between estrone and NOM as well as 
the interaction between NOM and membrane; therefore, a thorough characterization of 
selected NOM is critical for understanding the effect of NOM on the rejection of 
estrone during nanofiltration processes. Table 4.3 summarizes the major characteristics 
of the selected model NOM (dextran and HA).  
Table 4.3 Physicochemical characteristics of dextran and humic acid  
NOM Dextran Humic acid 
Weight-averaged MW (Mw) (Dalton) 80900a 4917 
Number-averaged MW (Mn) (Dalton) 55500
a 3218 
Ρb = Mw / Mn 1.49
a 1.53 
Charge at neutral pH conditions Neutral  Negative  
SUVA254 (m-1L/mg C) 0.006±0.000 11.051±0.044 
a From manufacturer 
b P means polydispersivity 
 
According to the information provided by manufacturer, dextran has quite large 
average molecular weight with Mw of 80900 and Mn of 55500, respectively. In addition, 
the extremely low SUVA254 value (an index of aromaticity or hydrophobicity) 
demonstrates that dextran is very hydrophilic organic materials based on the guideline 
proposed by Edzwald and Tobiason (1999). Figure 4.11 shows the FTIR spectra of 
dextran. The most important features are broad band at 3400 cm-1 associated with O-H 
groups, peak at 2930 cm-1 due to aliphatic C-H stretching, peak at 1170 cm-1 associated 
with alcohol function vibration and 1030 cm-1 C-O-C stretching of carbohydrates. 
These findings were consistent with the chemical structure of dextran which has been 
showed in Figure 2.2. Based on the information of dextran structure, it could be seen 
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Figure 4.12 High-pressure size exclusion chromatogram of HA 
 
According to the HPSEC chromatogram (Figure 4.12), HA had a weight-averaged 
molecular weight of 4917 Dalton. This value is in good agreement with other literature 
results. Chin et al. (1994) reported that Aldrich HA had a MW of 4100 Dalton. In later 
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studies, Aldrich HA was shown to have a MW of 4637 Dalton (Yamamoto et al., 2003; 
Yamamoto and Liljestrand, 2003).  
 
The FTIR spectra of HA are presented in Figure 4.13. Around 3400 cm-1, a wide peak, 
which is defined as the O-H vibrations of hydroxyl groups, was observed in the FTIR 
spectra. The absorptions at 2925 cm-1 and 2855 cm-1 are corresponded to symmetric 
and asymmetric C-H stretching in -CH3 and -CH2- of aliphatic chains, respectively. 
Around 1620 cm-1, there was a strong peak, defined as the aromatic C=C and 
conjugated carbonyl C=O bonds. Near this peak, another peak located at 1400cm-1 was 
observed, which was created mainly by COO- stretching, O-H deformation and 















Figure 4.13 FTIR spectra of HA 
 
Solid-state 13C-NMR spectroscopy provides a complementary technique to the FTIR 
spectroscopy for investigating the chemical and structural properties of HA. In 13C-
NMR spectra (Figure 4.14), the following major spectral bands were identified: (a) 0-
50 ppm, representing mainly methylene groups of aliphatic carbon chains. This 
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agreeed with the bands at 2925cm-1 and 2855 cm-1 observed in the FTIR spectra; (b) 
110-160 ppm, as a result of resonance from aromatic carbons; and (c) 160-185 ppm, 







Figure 4.14 13C-NMR spectra for commercial HA  
 
Evidence from literature suggests that HA from Aldrich has three types of functional 
groups with pKa values equal to 3.65, 6.27 and 8.59. First two types of functional 
groups are predominantly carboxylic groups of different strength, while third type can 
be attributed to very weak carboxylic groups with possibly low contribution from 
amine groups (Bratskaya et al., 2004).  The ionization of carboxylic groups would 
result in the negative charge of HA macromolecules in a wide pH range and the charge 
in negativity will increase with increasing pH. 
 
Moreover, humic acid was abundant in aromatic rings based on its relatively high 
SUVA254 value. Many previous studies have shown that the aromaticity of the humic 
material is one of the key factors instrumental in the binding of organic contaminants 
to humic substances (Gauthier et al., 1987; Kulikova and Perminova, 2002; Paolis and 
Kukkonen, 1997). According to these findings, HA selected in this study is expected to 
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have a great affinity for binding estrone during membrane separation processes. 
 
4.3.2 Effect of the selected NOM on Estrone Removal 
To study the effects of specific bulk organic matters on estrone rejection, the estrone 
concentration in feed and permeate as well as the observed rejection in different matrix 
solutions were monitored over the entire filtration period and the results are illustrated 
in Figures 4.15-4.18. It could be inferred from these plots, highly aromatic HA had a 
much greater impact on the fate and transport of estrone during nanofiltration 
























































Figure 4.15 Feed and permeate concentrations of estrone in dextran-containing solution 
as a function of filtration time for (A) DL and (B) CK  
 
Figure 4.15 shows the influence of dextran on estrone concentrations in feed and 
permeate by DL and CK membranes. It is noted that dextran presented negligible 
effects on the fate and transport of estrone molecules, especially at the later filtration 
stage when the whole system reached equilibrium. As a result, the addition of 3.5 mg 
C/L dextran did not lead to any pronounced change in estrone removal compared with 
the electrolyte background case for any of the NF membranes used (Figure 4.16). The 
above observations are reasonable and can be explained as follows. Firstly, because the 
abundance of aromatic rings in the DOM was suggested to have a critical importance 
in the sorption mechanism of steroid hormone by DOM, little binding between steroid 
hormone and dextran without aromatic rings in aquatic matrix was found (Yamamoto 
and Liljestrand, 2003; Yamamoto et al., 2003). Under this condition, estrone 
molecules transport in dextran-containing solution as freely as in electrolyte 
background solution. Secondly, dextran is not expected to interact strongly with 
membrane material due to its high hydrophilicity (Combe et al., 1999). In this 
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experiments, no permeate flux decline was observed in the presence of dextran for 
both the DL and CK membranes, indicating that few dextran were adsorbed on 
membrane. Hence, the presence of dextran may not interfere with the interaction 
between estrone and membrane greatly. As a result, there is no striking difference in 
the fate and transport of estrone during nanofiltration processes between single-organic 
























































Figure 4.16 Estrone rejection in dextran-containing solution by (A) DL and (B) CK 
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Figure 4.17 presents the influence of HA on estrone concentrations in the feed and 
permeate. In contrast to dextran, HA demonstrated remarkable effects on the fate and 
transport of estrone molecules in the entire filtration period. The presence of HA led to 
more serious decrease in feed concentration of estrone comparing to single-organic 
solution. In HA-containing solution, estrone concentration in feed water decreased 
from the initial 100 ng/L to 42 ng/L after 23 h of filtration for DL membrane and 48 
ng/L for CK membrane, respectively, while in single-organic solution, estrone 
concentration in feed water decreased from the initial 100 ng/L to 75 ng/L after 23 h of 
filtration for DL membrane and 67 ng/L for CK membrane, respectively. This implied 
that addition of HA may encourage more partition of estrone molecules from water to 
membrane during filtration processes. To quantify adsorption of estrone on membranes, 
mass balances were calculated based on the concentrations of estrone in feed and 
permeate. It was found that the increment in ultimate adsorption of estrone on 
membrane due to the presence of HA was as high as 32.0% for DL membrane and 
18.9% for CK membrane, respectively (data not shown). These results could be 
attributed to the fact that the adsorption of HA on membrane during nanofiltratoin 
processes could lead to formation of an extra layer of organics on membrane surface 
and inside the porous structure of membrane. Given the highly hydrophobic/aromatic 
nature of HA, adsorbed HA could render the membrane material to become more 
hydrophobic (as seen from Table 4.4, the contact angle of membrane after filtration 
test with HA-containing solution was much higher than the corresponding data for 
clean membrane) that in turn improve the affinity of membrane to estrone. Moreover, 
it is speculated that the increment in estrone adsorption on membrane might be related 
to the amounts of adsorbed HA on membrane. 

























































Figure 4.17 Feed and permeate concentrations of estrone in HA-containing solution as a 
function of filtration time for (A) DL and (B) CK  
 
The improved estrone adsorption on membrane due to addition of HA in this study is 
in agreement with the results reported in a previous work by Agbekodo et al. (1996). 
They showed an increase in the adsorption phenomena of target atrazine and simazine 
on the membrane surface by the presence of NOM. However, Yoon et al. (2004) 
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observed that NOM significantly reduced the E2 (another kind of steroid hormone) 
adsorption with the GM membrane due to competition for adsorption sites, while its 
adsorption was nearly constant with the ESNA membrane regardless of NOM presence. 
The possible reason for these conflicting findings is most likely attributed to the 
different physicochemical properties of both membrane and NOM used in different 
studies and can be elaborated as follows. When the NOM has lower capability to 
adsorb target solute than the membrane, the adsorbed NOM on membrane would 
compete with target solute for the adsorption sites on membrane and thus reduce the 
adsorption of target solute onto membrane. On the other hand, when the NOM has 
higher capability to adsorb target solute than membrane, the adsorption of NOM on 
membrane could provide more adsorptive sites for target solute, which in turn result in 
an increase in the adsorption of target solute onto membrane.       
Table 4.4 Contact angle measurement of DL and CK membranes  
 Clean membrane After filtration with HA-containing solution
DL 30.7 (±2.7) 89.0 (±7.6) 
CK 54.2 (±1.4) 94.1 (±8.3) 
 
The effects of HA on the observed rejection behaviour of estrone by DL and CK 
membranes are presented in Figure 4.18. Table 4.5 summarizes the membrane 
performance after 23 h of filtration. It is however interesting to find that rejection of 
estrone changed only a little with the presence of HA, rising from 15.3% to 19.1% for 
DL membrane and from 8.2% to 13.3% for CK membrane at the later stage of 
filtration. As pointed out earlier, adsorption of estrone on membrane could not 
contribute to estrone removal at the later filtration stage when the adsorption 
equilibrium was established. Under this condition, the increment in estrone removal 
with the presence of HA in feed solution may be due to following reasons.  
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First of all, after 23 h of operation, permeate flux decline of 8.9% for DL membrane 
and 6.5% for CK membrane were observed in the presence of HA (Table 4.5). This 
indicated that the adsorption of HA on membrane surface and/or inside the membrane 
may result in pore size reduction or pore blockage. According to the discussion in 
Section 4.2.1, steric exclusion became dominant in estrone rejection by membrane at 
later filtration stage. In this case, the decreasing membrane pore size caused by the 
adsorption of HA would lead to a reduction in convection of estrone molecules 



























































Figure 4.18 Estrone rejection in HA-containing solution by (A) DL and (B) CK  
 
Moreover, Yamamoto and Liljestrand (2003) reported that Aldrich HA could bind 
steroid hormones E2 in aquatic environment with the sorption coefficient of 8.67 
410× L/kg TOC. Thus, another possible explanation for the increment in estrone 
rejection by membrane is that one portion of estrone molecules may interact with HA 
macromolecules in feed matrix and subsequently retained together with HA by 
membrane based on the mechanism of size exclusion and charge repulsion.  
Table 4.5 Membrane performance at later stage of filtration in HA-free and HA-
containing feed matrix  
Membrane Performance Free E1 E1 with HA 
E1 rejection (%) 15.3 19.1 
DL 
Decrease in permeate flow (%) N.A. 8.9 
E1 rejection (%) 8.2 13.3 
CK 
Decrease in permeate flow (%) N.A. 6.5 
 
As E1 and E2 have similar chemical structures except that the ketone group C=O in E1 
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is replaced by the hydroxyl group C-OH in E2, it is speculated that the adsorbability of 
E1 onto HA may be a little higher than that of E2 due to the slightly greater 
hydrophobicity of C=O compared to C-OH. Actually, Fukuhara et al. (2006) have 
reported a similar phenomenon that the adsorbability of E1 in water onto activated 
carbon was higher than that of E2. Hence a conservative estimation regarding the 
fraction of E1 bound to HA at the later filtration stage was calculated and shown in 
Table 4.6 based on the sorption coefficient of E2 reported in the literature. As can be 
seen, more than 22% of estrone molecules would be bound to HA after 23 h of 
filtration. This part of estrone molecules should be retained by the NF membranes 
together with HA macromolecules. According to the removal efficiency of HA by DL 
and CK membranes (Figure 4.19), it was estimated that estrone rejection in the HA-
containing solution should be more than 31.5% for DL membrane and 26.7% for CK 
membrane, respectively. However, it is interesting to note that the virtual estrone 
rejections in the presence of HA (only 19.1% for DL membrane and 13.3% for CK 
membrane) were much lower than the above estimated values. These unexpected 
phenomena suggest that the binding coefficient of E1 by HA in solution was 
significantly lower than the reported value. The proposed reason for this difference 
was the greatly lower estrone concentration used in these experiments (100 ng/L) than 
in literature (700 µg/L). The differences imply that the higher the estrone concentration, 
the higher would be the chance of the interactions between estrone and HA and thus 
the more significant the interaction would be.  
Table 4.6 Predicted estrone fraction sorbed onto HA and estimated estrone rejection at 
the later stage of filtration in HA-containing solution  
Final rejection  
(%)  
Fraction of estrone 
binding by HA  
(%) Free E1 HA Estimated total E1 rejection (free E1 and E1-HA associate)  
DL 22.2 15.3 88.0 31.5 
CK 22.2 8.2 91.7 26.7 


























Figure 4.19 DOC rejection in HA-containing solution by DL and CK membranes 
 
More importantly, it is particularly noteworthy that the presence of HA improved 
estrone adsorption on membrane significantly while the enhancement effect on estrone 
rejection was limited. The results indicated that most of the interaction between HA 
and estrone took place on membrane rather than in solution. An explanation might be 
as follows. In bulk solution, the low concentrations of estrone (100ng/L) and HA 
(3.5mg/L) gave estrone less opportunity to contact with HA due to the surrounding 
water molecules. However, when the driven force acted on the feed solution, the target 
solute (estrone) would be partly retained by the membrane whereas the solvent (water) 
readily permeates through the membrane. As a result, the retained estrone molecules 
could be accumulated near the membrane surface where their concentration would be 
higher than that in the bulk solution. Thus, in the vicinity of membrane, concentration 
of estrone might be high enough for binding with HA, that is already adsorbed on 
membrane. 
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4.3.3 pH Effect on the Influence of Humic Acid on Estrone Removal by DL  
Based on the above discussion, with the presence of HA in feed matrix, another two 
interactions were added into the filtration system. They are the interaction between 
estrone and HA and the one between HA and membrane. Both of them resulted in 
significant changes in the fate and transport of estrone during nanofiltration processes 
and improved membrane performance for estrone rejection. It is known that solution 
pH value affects the characteristics of HA, membrane charges as well as ionization of 
estrone molecule. Therefore, it is predicted that solution pH value would affect the 
above two kinds of added interaction and thus the “enhancement effect” of HA on 
estrone rejection. In order to gain insight into the removal mechanism of estrone in 
HA-containing solution, this section will present the results and discussion for the 
influence of HA on the fate and transport of estrone during nanofiltration processes 
under different pH conditions (pH 4, pH 7 and pH 10.4).  
 
Figure 4.20 shows the feed and permeate concentrations of estrone in both HA-free 
and HA-containing matrix at pH 4 condition using DL membrane. Compared with the 
results obtained in the corresponding tests in the absence of HA, the decline in the feed 
concentration of estrone with time was significantly increased with the addition of HA. 
Losses of estrone due to adsorption on the membranes (89.0%) in HA-containing 
matrix were much higher than those in HA-free solution (27.5%) after 23 h of filtration. 
Moreover, the permeate concentration of estrone was relatively constant or slightly 
increased and then stabilized finally in HA-containing solution. As elaborated in the 
previous section, this considerable increment in the adsorption of estrone on DL 
membrane during filtration process may be the result of the accumulation of highly 
hydrophobic HA macromolecules on membrane surface and/or inside the membrane at 
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Figure 4.20 Feed and permeate concentrations of estrone as a function of filtration time 
for DL membrane at pH 4 
 
As seen from Figure 4.6, the zeta potential of DL membrane surface was less negative-
charged, increasing from -16.3 to -5.0 mV, when the pH was decreased from 7 to 4. In 
addition, carboxylic groups of HA molecules are more protonated and HA are less 
negative-charged with decreasing pH. According to Yan and Bai (2005), the HA from 
Aldrich had a negative zeta potential at pH above 1.6 and a positive zeta potential at 
pH below 1.6. Their data demonstrated obvious reduction in the negative surface 
charge of HA by decreasing the pH value from 7 to 4. Thus, the deposition of HA on 
membrane would be increased significantly at pH 4 due to the reduction in the 
electrostatic repulsion between HA and DL membrane. In this experiment, there were 
103.45 mg HA (representing 74.75% of the total HA mass in initial feed water) being 
adsorbed on membrane after filtration test, much higher than that of 18.16 mg HA 
being adsorbed on membrane at pH 7. This great amount of HA adsorbed on 
membrane also response for the great flux decline (18.8%) after 23 h of operation at 




The removal of estrone by DL membrane in both HA-free and HA-containing matrix 
at pH 4 are illustrated in Figure 4.21. In the presence of HA, the estrone rejection was 
34.7% at the later part of filtration period, which was 19.7% higher than the 
corresponding result obtained with a single-organic solution. One possible reason for 



























Figure 4.21 Rejection of estrone by DL membrane at pH 4 
 
As discussed above, the deposition of HA on membrane increased significantly at pH 4 
due to the reduction in the electrostatic repulsion between HA and DL membrane. 
Furthermore, Ghosh and Schnitzer (1980) suggested that at low pH the most likely 
macromolecular configuration of NOM was rigid, compact and coiled due to the 
reduced intramolecular charge repulsion. As a result, HA tend to accumulate at the 
membrane surface as well as be adsorbed inside the large pores in a layer of high 
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packing density (Childress and Elimelech, 1996; Schäfer et al., 1998) at pH 4. This 
leads to a reduced membrane pore size and thus can explain both the improvement in 
the ultimate estrone rejection and the decrease of permeate flux. Alternatively, the 
formation of estrone-HA macromolecules in feed solution may allow estrone 
molecules to be retained together with HA and thus may also account for the increment 
in estrone removal.      
 
As the effect of HA on DL membrane performance at neutral pH has been discussed in 
previous section, the experimental results at pH 10.4 are next analyzed. Figure 4.22 
shows the feed and permeate concentrations of estrone in both HA-free and HA-
containing matrix at pH 10.4 using DL membrane. It was found that the presence of 
HA led to slightly more decrease in feed concentration of estrone, compared to single-
organic solution at pH 10.4. The results of mass balance for the whole filtration system 
indicated that the adsorption percentage of estrone on membrane was 27.9% at the end 
of experiment in HA-containing solution. This value was a little higher than that of 
16.5% in single-organic solution at the same pH condition.  
 
Childress and Elimelech (2000) reported that HA macromolecules could be readily 
adsorbed to NF-55 membrane surface, which was made of thin film composite, over a 
wide pH range (3-9). At high pH values, where HA and membrane are similarly 
charged, they proposed that the adsorption was dominated by hydrophobic interaction. 
Thus, the increment in estrone adsorption on membrane with the presence of HA may 
be attributed to the fact that adsorbed HA molecules on membrane improve the affinity 
of membrane to estrone partition, according to previous discussion in Section 4.3.2.     
 
































Figure 4.22 Feed and permeate concentrations of estrone as a function of filtration time 
for DL membrane at pH 10.4 
 
Moreover, it appears that the presence of HA could enhance estrone rejection at pH 
10.4 for the entire filtration period (Figure 4.23). In particular, the final rejection of 
estrone in HA-containing solution was 29.3%, which was higher than that of 24.7% in 
HA-free solution. This phenomenon may be due to different reasons. Firstly, the zeta 
potential of DL membrane surface was observed to be more negatively charged in HA-
containing solution than in pure electrolyte solution (Figure 4.24) due to the adsorption 
of negatively charged HA on membrane surface (Childress and Elimelech, 1996). This 
resulted in an increment in the charge repulsion between membrane and the portion of 
dissociated estrone molecules and thus improved the rejection efficiency of estrone. 
Secondly, adsorption of HA on membrane can lead to pore blockage and thus retard 
estrone molecules from passing through membrane. Thirdly, the portion of 
undissociated estrone molecules may interact with negative-charged HA 
macromolecules in feed solution, which resulted in an increased level of estrone 
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Figure 4.24 Comparison of zeta-potential of DL membrane in electrolyte background 
solution and HA-containing solution 
 
Given the results presented above, the presence of HA in feed solution influenced not 
only the adsorption of estrone on membrane but also estrone rejection by the 
membrane. Table 4.7 summarizes the effects of HA on estrone adsorption and 
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rejection, determined based on 23 h of filtration, by DL membrane.  It is evident that 
the more adsorbed amounts of HA on membrane, the greater was the increment in 
estrone adsorption on membrane. This observation suggested that the increase in 
estrone adsorption on membrane with the presence of HA could be related to the 
amounts of adsorbed HA on membrane. In addition, it was also found that the 
adsorption of 1 mg HA on membrane resulted in 0.59% of increment in estrone 
adsorption on membrane at pH 4, while the corresponding data for pH 7 (1.76%) and 
pH 10.4 (1.51%) were much higher. As mentioned earlier, pH alters the charge of HA 
molecules and variation in charge affects repulsion between functional groups within 
HA. As a result, the configuration of HA tend to change from linear and stretched to 
coiled and compacted macromolecules with decreasing pH. Thus the above finding 
indicated that the “curled-up” structure of HA may restrict the binding of estrone with 
HA by reducing access to adsorption sites. In a previous study, Yamamoto and 
Liljestrand (2003) also reported a slight decrease of sorption of E2 by HA in aquatic 
solution when pH was decreased from 7 to around 4.  
 
More importantly, the presence of HA could enhance the final rejection of estrone 
under all the pH conditions investigated in this study, with the greatest “enhancement 
effect” on estrone rejection at pH 4.  As discussed in the previous section, much more 
HA adsorbed on membrane at pH 4 due to the reduction in electrostatic repulsion 
between HA and membrane surface, resulting in a lower feed concentration of HA at 
later filtration stage at pH 4. After 23 h filtration, HA concentration in feed solution 
was found to be only 0.68 mgC/L at pH 4, markedly lower than the corresponding 
value of 3.30 mgC/L at pH 7. The lower HA concentration in feed water may lead to 
slimmer chance of association between estrone and HA in solution. In addition, HA 
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tends to form compacted configuration at pH 4 due to reduced electrostatic repulsion 
between neighbouring functional group. The compacted configuration may also restrict 
the binding of estrone by HA as discussed above. Therefore, the binding of estrone by 
HA in feed solution at pH 4 may be less than that at pH 7. At pH 7, on the other hand, 
stronger electrostatic repulsion between membrane surface and HA hinders HA 
deposition. HA forms a looser fouling layer, as HA macromolecules have a flat linear 
configuration at higher pH (Ghosh and Schnitzer, 1980). The pH effect on membrane 
pore blockage caused by HA deposition as well as the subsequent influences on 
estrone transport through membrane are illustrated in Figure 4.25. At pH 4, HA 
deposition forms a compact, dense and thick fouling layer, which can remarkably 
reduce membrane pore size and thus prevent estrone molecules from transporting 
through membrane. At pH 7, however, the loose and sparse HA deposition layer 
cannot hinder estrone molecules convection through membrane effectively. In this case, 
the much greater “enhancement effect” of HA on estrone rejection at pH 4 suggested 
that the reduction in pore size or pore blockage caused by the adsorption of HA on 
membrane would play a critical role in the improvement of estrone rejection with the 
presence of HA at pH 4.   
Table 4.7 Summary of HA effects on estrone adsorption and rejection by DL membrane 
 pH 4 pH 7 pH 10.4 
Adsorbed HA on membrane (mg) 103.45 18.16 7.58 
Increment in estrone adsorption on 
membrane (%) 61.5 32.0 11.4 
Increment in estrone adsorption/ 
adsorbed HA (%/mg) 0.59 1.76 1.51 
Increment in estrone rejection (%) 19.7 3.8 4.6 
Decrease in permeate flowrate (%) 18.8 8.9 2.1 
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Figure 4.25 Schematic illustration of pH effect on HA deposition on membrane and 
transport of estrone through membrane 
 
4.3.4 Calcium Ion Concentration Effect on the Influence of Humic Acid on the 
Fate of Estrone during Filtration Process 
It is known that humic macromolecules tend to form curled-up structure due to charge 
shielding and neutralization of the negative-charged functional groups by addition of 
Ca2+ ion (Hong and Elimelech, 1997). As discussed above, coiled structure of HA 
might diminish the binding of estrone with HA. To further confirm this assumption, 
experiments were conducted to examine the influence of HA on the fate and transport 
of estrone during membrane filtration process at different Ca2+ ion concentrations. 
With elevation of the calcium concentration, less and less noticeable influence of HA 
on the changes in feed and permeate concentrations of estrone with time was observed 
(Figure 4.26). Without addition of Ca2+ ion, the differences in estrone feed and 
permeate concentration profiles between HA-free solution and HA-containing solution 
were remarkable. However, when Ca2+ ion concentration in feed solution increased to 
0.6 mM, no obvious difference in concentration profiles could be observed. Namely, 
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the effect of increasing calcium concentration was to push more estrone molecules 





















































































Figure 4.26 Effect of Ca2+ ion concentration on estrone concentrations in feed and 
permeate with DL membrane (A) 0 mM Ca2+, (B) 0.3 mM Ca2+ and (C) 0.6 mM Ca2+ 
 
Table 4.8 Summary of HA effects on estrone final adsorption and rejection with DL 
membrane at different Ca2+ ion concentrations 
 0 mM 0.3 mM 0.6 mM 
Adsorbed HA on membrane (mg) 18.2 17.7 18.2 
Increment in estrone adsorption on 
membrane (%) 32.0 9.8 3.6 
Increment in estrone rejection (%) 3.8 3.9 3.1 
Decrease in permeate flowrate (%) 8.9 7.9 8.6 
 
In addition, almost no differences in the deposition of HA on membrane as well as 
permeate flux decline were observed with increasing Ca2+ concentration (Table 4.8). 
This observation is somehow unexpected and also differs from other published 
investigations (Cho et al., 2000; Hong and Elimelech, 1997; Tang et al., 2007), in 
which either an increase in adsorption of NOM on membrane or a more serious 
permeate flux decline with an increased calcium concentration was reported. This 
phenomenon was possibly due to the relatively low calcium ion concentration added in 
this study. Such low calcium ion concentration might not be enough to overcome the 
electrostatic repulsive energy barrier existed between HA and membrane and thus 
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result in an increase of adsorbed HA and a severe permeate flux decline. According to 
previous studies, in most cases the permeate flux decline and deposition of NOM on 
membrane were noticeably affected when concentration of calcium ion was increased 
to beyond 1 mM, while the highest calcium ion concentration added in this study was 
only 0.6 mM which is identical to that present in the treated effluent in this study and 
other literature (Emongor et al., 2005). Moreover, the relative low concentration of HA 
used in this study may another factor causing the almost identical HA deposition and 
flux decline with different Ca2+ concentrations.       
 
As discussed earlier, the influence of HA on the fate and transport of estrone during 
the entire filtration period was attributed to the fact that the adsorption of HA on 
membrane improved the membrane capability to adsorb estrone molecules. Taking into 
account that the deposition of HA on membrane was nearly independent of calcium 
concentration (at the tested range from 0 to 0.6 mM), the diminished effect of HA on 
estrone adsorption onto membrane with increasing calcium concentration was most 
probably due to the changes in the conformation of HA as calcium ion concentration 
increases. Numerous researches have shown that Ca2+ interacted specifically through 
complex formation with negatively charged groups (predominantly deprotonated 
carboxylic group) of humic macromolecules and thus substantially reduce the 
interchain repulsion within HA molecules (Childress and Elimelech, 1996; Cho et al., 
2000; Devitt and Wiesner, 1998; Hong and Elimelech, 1997). This compacts the HA 
molar volume and promotes coiling of HA molecules, which may restrict association 
of estrone with HA by altering the presentation of sites for estrone interaction. This 
phenomenon is supported by perylene-HA adsorption data reported by Schlautman and 
Morgan (1993). They observed the presence of Ca2+ at pH 7 decreased the ability of 
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HA to bind perylene. 
 
Moreover, as shown in Table 4.8, no remarkable difference in the ‘enhancement effect’ 
of HA on estrone rejection was observed at various Ca2+ ion concentrations. This 
phenomena could be explained by the fact that the deposition of HA on membrane was 
nearly independent of calcium concentration (at the tested range from 0 to 0.6 mM), 
which would result in a similar pore blockage by HA.  
 
4.3.5 Ionic Strength Effect on the Influence of HA on Estrone Removal by DL 
Besides pH and divalent cations (Ca2+), IS in feed solution also plays an important role 
in HA characteristics and thus is expected to influence the effect of HA on estrone 
removal. To investigate the influence of IS, filtration experiments were performed at 
three different ionic concentrations of an indifferent salt (8 mM, 50 mM and 100 mM 
NaCl). Figure 4.27 illustrates the feed and permeate concentrations of estrone in both 
HA-free and HA-containing matrix at different IS. After 23 h of filtration, the 
influences of HA on estrone adsorption and rejection are summarized in Table 4.9.  






















































































Figure 4.27 Effect of ionic strength on estrone concentrations in feed and permeate (A) 
8 mM NaCl, (B) 50 mM NaCl and (C) 100 mM NaCl 
 
Table 4.9 Summary of HA effects on estrone final adsorption and rejection with DL 
membrane at different ionic strength 
 8mM 50mM 100mM 
Adsorbed HA on membrane (mg) 18.2 7.2 2.1 
Increment in estrone adsorption on 
membrane (%) 32.0 10.2 1.5 
Increment in estrone rejection (%) 3.8 2.3 0.2 
Decrease in permeate flowrate (%) 8.9 5.4 2.7 
 
It was shown clearly that increment in IS resulted in a decreasing HA influence on the 
fate and transport of estrone during nanofiltration process. As mentioned earlier, the 
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presence of HA tended to increase both the estrone adsorption and rejection. Increasing 
IS, however, tended to reverse this effect. In particular, at the end of filtration, the 
addition of HA with 50 mM NaCl was observed to enhance estrone rejection by 2.3% 
and adsorption by 10.2%. These data were lower than the corresponding values 
(increment of 3.8% in rejection and 32.0% in adsorption) at 8 mM NaCl. When NaCl 
concentration in feed solution was further increased to 100 mM, HA had no observable 
influence on the fate and transport of estrone molecules. 
 
It was reported that Aldrich HA was more negatively charged at higher IS (Tang et al., 
2006). Illés and Tombácz (2004) and Tombácz et al. (2004) also found that HA 
became more negatively charged with increasing IS because electrolyte addition could 
enhance the dissociation of weak polyacids. Thus it is not surprising to observe that 
HA deposition on membrane and subsequent permeate flux decline decreased in HA-
containing feed solution with increasing NaCl concentration (Table 4.9). As elaborated 
in the previous section, the increment in estrone adsorption on membrane with the 
presence of HA was related to the amount of adsorbed HA on the membrane. Thus the 
reduction in the “enhancement effect” of HA on estrone adsorption at higher IS could 
be attributed to the corresponding reduction in HA adsorption on membrane.  
 
According to previous discussion, two reasons may account for the increment in 
estrone rejection in the presence of HA. They are pore size reduction or pore blockage 
due to HA adsorption on membrane and binding of estrone with HA in solution. 
Yamamoto and Liljestrand (2003) demonstrated that no obvious difference was 
observed in association between steroid hormones and HA in solution with different IS. 
Therefore, the decreasing “enhancement effect” of HA on estrone rejection with the 
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increase in IS, which was consistent with the decreasing trend in permeate flux decline, 
indicated that pore size reduction or pore blockage caused by HA deposition may play 
a dominating role in the improvement of estrone rejection with the presence of HA at 
neutral pH conditions.  
 
4.4 Rejection of Estrone in Secondary Effluent from Wastewater Treatment Plant 
Wastewater reuse is increasingly regarded as an essential strategy for augmenting 
water supply and has been widely used around the world. Therefore, the removal of 
trace contaminants from secondary effluent is becoming an important issue worldwide. 
In this section, the research focus was shifted to the removal of estrone in treated 
effluent matrix by NF/RO membranes.   
 
4.4.1 Characteristics of Treated Effluent 
Several batches of secondary effluent collected from a local Water Reclamation Plant 
were analyzed. Table 4.10 summarizes the characteristics of MF filtered secondary 
effluent (SE).  It can be seen that the DOC concentration in the SE samples ranged 
from 9.17 to 10.84 mg C/L. The rather high values of SUVA254 showed the aromatic 
nature of the treated effluent. Since estrone is the target solute to be removed from the 
aquatic samples in this study, concentration of estrone in SE was also determined. As 
shown in Table 4.10, estrone concentration in the SE samples ranged from 0.7 to 13.1 
ng/L which fell within the range of estrone concentration found in treated effluent 
reported by Laganà et al. (2004). This wide range could be attributed to variation of 
influent water characteristics and fluctuation of operating conditions.  
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Table 4.10 Characteristics of MF filtered SE  
Paramater Value 
DOC (mg/L) 9.2-10.8 
pH 6.87-7.25 
TDS (mg/L) 455-618 
Conductivity (μs/cm) 974-1257 
SUVA254 (m-1 L/mg C) 2.89-3.72 
Estrone concentration (ng/L) 0.7-13.1 
 
Table 4.11 DOC fractionation results  
Fraction DOC (mg/L) Percentage of total DOC (%) 
HpoA 3.4-4.2 36.6-40.3 
HpoB 0.5-0.6 5.2-6.5 
HpoN 1.2-1.3 10.7-14.0 
HpiA 0.5-0.9 5.7-9.5 
HpiB 0.3-0.5 3.3-5.1 
HpiN 2.4-3.2 25.4-35.0 
 
The DOM present in the treated effluent was divided into six types of organic fractions 
as described in Chapter Three. The DOC fractionation results for the SE are presented 
in Table 4.11. It was noted that hydrophobic acids fraction (HpoA) predominated in 
SE and accounted for 36.6-40.3% of the total amount of dissolved organic matters. 
This observation is reasonable as biodegradation results in a significant increase of the 
humic substances (Mourna and Műller, 1997). Hydrophilic neutral fraction (HpiN) was 
the second largest fraction, with a percentage of 25.4-35.0%. These results with regard 
to the distribution of DOM from sewage treatment plant are consistent with an earlier 
study by Mourna and Műller (1997) who found that humic substances contributed to 
the major portion of organic matters present in the effluent (49.2%) and HpiN fraction 
was the second most important fraction of the organic matter (26.9%) present in 
effluent samples collected from Saint-Fons sewage treatment plants in France. 
However, DOM composition in the treated effluent varies substantially with the origin 
of wastewater and the type of treatment process used. Imai et al. (2002) reported that 
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hydrophilic acids fraction (HpiA) was the most abundant fraction in all effluents from 
various wastewater treatment plants, constituting 32–74% of the DOM. HpoA 
appeared to be the second most dominant fraction and varied considerably, accounting 
for 3–28% of the DOM. The hydrophobic neutrals fraction (HpoN) also varied from 0–
21%. Therefore, the experimental results obtained in MF filtered SE should be 
analyzed based on its specific DOM-fraction distribution as reported above. Based on 
the above observation that HpoA contributed to the majority of organic matters present 
in the secondary effluent in this study, it might have the greatest impact on estrone 
rejection during NF/RO membrane separation process if DOM concentration plays an 
important role in membrane performance for estrone removal.  
 
4.4.2 Rejection of Estrone by NF/RO Membranes in Secondary Effluent Matrix 
To study the influence of secondary effluent matrix on the rejection efficiency of 
estrone by NF/RO membrane, a new series of experiments were set up with solutions 
of estrone added to MF filtered secondary effluent. Two batches of effluent were 
collected. One batch was used in the experiments with two kinds of NF membrane and 
the other batch was used in the experiments with two kinds of RO membrane. Estrone 
rejections in MF filtered SE, compared with that in electrolyte background solution, 
using 4 kinds of NF/RO membranes were monitored and the results are presented in 
Figure 4.28, whereas the corresponding DOC rejection in SE is shown in Figure 4.29.  
 
As shown in Figure 4.28, estrone removal efficiencies in MF filtered SE matrix for all 
NF/RO membranes used were consistently higher than the results obtained in 
electrolyte background solution. The “enhancement effect” on estrone rejection was 
insignificant, but still observable, for AK membrane. After 23 h of operation, there was 
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only an improvement of 6.5% when MF filtered SE was used as feed water. This 
phenomenon is not surprising since AK membrane could achieve a relatively high 
estrone removal of 89.8% in electrolyte background solution. Thus there was a limited 
room for further improving the rejection of estrone by AK membrane. For the other 
three kinds of membrane, the decrease in estrone rejection with time in the SE matrix 
was not as drastic as that observed in the electrolyte background solution. This 
phenomenon resulted in the improvement in ultimate estrone rejection of as high as 
32.5%, 21.6% and 11.6% for DL, CK and CG membranes, respectively. The results 
obtained here are consistent with an earlier study by Nghiem et al. (2004b), who 
investigated the effects of bulk organic matter (EfOM and NOM) on estrone rejection 
by X-20, TFC-S and TFC-SR2 membranes. An increase in estrone rejection by the 
presence of organic matter in the feed solution was reported. However, the 
“enhancement effect” of EfOM in their study was much weaker than that observed in 
this study. This phenomenon could be attributed to the different organic matter 
compositions present in secondary effluents used in the two studies which will be 
discussed in detail later. 
 
The results in Figure 4.29 show that DOC rejection efficiencies after 23 h of operation 
were obviously increased by about 4.1%, 3.0%, 11.7% and 3.4% for DL, CK, AK and 
CG membrane, respectively, as compared to the DOC removals at the beginning of 
filtration. This phenomenon was accompanied with a decrease in permeate flux over 
time. After 23 h of filtration, the flux decreased by about 13.0%, 8.9%, 33.8% and 
17.5% for DL, CK, AK and CG membrane, respectively. These findings indicatd that 
adsorption of effluent organic matters (EfOM) onto membrane during filtration could 
lead to pore blocking and narrowed pores, which were further responsible for increased 
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DOC rejection. In addition, it is noted that AK membrane had both the greatest and 
fastest increase in DOC rejection compared to the other three kinds of RO/NF 
membranes. This phenomenon could be adequately explained by its membrane surface 
characteristics in terms of roughness and pore size. Membrane surface roughness has a 
great effect on membrane fouling (Li et al., 2007). As shown in Table 4.1, surface 
roughness of AK membrane was 1.2931, much higher than those of DL, CK and CG 
membranes. Thus, AK membrane has a stronger tendency to be fouled through 
adsorbing EfOM and thus demonstrated a greater reduction in permeate flux and 
increment in DOC rejection. Moreover, AK membrane has the smallest pore size as 
shown in Section 4.1. In this case, adsorption of even a same amount of organics could 
lead to most efficient pore restriction or blockage. As a result, AK membrane was 
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Figure 4.28 Estrone rejection in electrolyte solution and MF filtered secondary effluent 



























Figure 4.29 DOC rejection in MF filtered secondary effluent by 4 kinds of NF/RO 
membranes 
 
The improvement in estrone rejection could be attributed to different reasons. Firstly, 
the permeate flux decline was observed in MF filtered SE matrix during separation 
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processes for all four kinds of NF/RO membrane. This indicated that the adsorption of 
EfOM on membrane surface or inside the membrane resulted in pore size reduction or 
pore clogging. In this case, the “enhancement effect” on estrone removal might be 
partially due to the reduction in pore size by adsorption of bulk organics on membrane. 
However, this may not be the dominating reason for the enhanced removal, since the 
improvement in estrone rejection was not corresponding well with the decrease in 
permeate flux in SE matrix. For example, permeate flux decline for DL membrane 
(13%) was lesser than that for CG membrane (17.5%). It was, however, noted that the 
improvement in estrone rejection by DL membrane (32.5%) was remarkably higher 
than that by CG membrane (11.6%). Secondly, estrone molecules may associate with 
some fractions of EfOM in feed solution and be retained together, resulting in a 
reduction in the convection or diffusion of estrone molecules through membrane. 
Based on the above analysis, EfOM appears to play an important role in the 
“enhancement effect” on estrone removal during separation processes. In order to 
optimize membrane performance for rejection of estrone, it is essential to identify 
which organic fraction in SE would make crucial contribution to the “enhancement 
effect”.    
 
4.4.3 Effects of Different Organic Fractions Derived from Secondary Effluent 
on Estrone Removal 
As discussed earlier, the presence of EfOM may result in two kinds of interactions. 
One is the association between EfOM and estrone while the other is the interaction 
between EfOM and membrane. Both of them could be vital to estrone rejection by 
membrane in SE matrix. Moreover, it is known that these two kinds of interactions 
were affected by the characteristics of EfOM. For example, Yamamoto et al. (2003) 
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reported that the aromaticity and phenolic groups in DOM were important for the 
binding of steroid hormones by DOM. On the other hand, hydrophobicity of organic 
compounds was found to be an important factor affecting adsorption of organics onto 
membrane (Kiso et al., 2001b). The general consensus is that the hydrophobic fraction 
of DOM tends to be adsorbed more favourably to membrane than the hydrophilic 
fraction (Hong and Elimelech, 1997). Based on these results reported in the literature, 
it is expected that hydrophobic organic fractions could have more contribution to the 
“enhancement effect” on estrone removal by NF/RO membranes, compared to 
hydrophilic organic fractions. Owing to time constraint, the research was thus focusing 
on the effects of hydrophobic organic fractions on estrone rejection by NF/RO 
membranes. However, to support the above assumption, the rejection of estrone in 
HpiA-containing solution was compared with that observed in HpoA-containing 
solution in this part of the study.  
   
4.4.3.1 Physicochemical Characteristics of Organic Fractions 
The characteristics of HpoA, HpoB, HpoN and HpiA are summarized in Table 4.12. It 
can be seen that HpoA fraction had the largest average molecular weight, ranging from 
4192 to 4442. For all tested samples, the polydispersity (ρ) was less than 2, implying 
that the molecules in each isolated organic fraction occupy a relatively narrow size 
range. It was also noted that HpoA (2.58-4.25) and HpoB (2.06-3.81) fractions had 
higher SUVA values than HpoN (1.19-1.57) and HpiA (0.75-0.81) fractions. This 
indicated that HpoA and HpoB fractions contained more aromatic constituents than 
HpoN and HpiA fractions, as SUVA254 is closely related to the aromaticity of the 
DOM (Chin et al., 1994). Moreover, according to the principle of fractionation, HpoA 
and HpiA fractions were negatively charged, HpoB fraction was positively charged 
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and HpoN fraction was uncharged at neutral pH condition. 
Table 4.12 Characteristics of specific organic fractions derived from secondary effluent  
Paramater HpoA HpoB HpoN HpiA 
Mw 4192-4442 762-1751 1406-2658 3628-3825
ρ 1.29-1.43 1.01-1.84 1.01-1.27 1.18-1.32 
SUVA254 (m-1 L/mg C) 2.58-4.25 2.06-3.81 1.19-1.57 0.75-0.81 
Charge at neutral pH Negative Positive Neutral  Negative  
 
As FTIR spectra are able to serve as a qualitative tool for monitoring structural 
properties of organic sample, FTIR was employed in this study to analyze the 
functional groups of different EfOM fractions. Figure 4.30 shows the major absorption 
bands in the FTIR spectra of the four isolated organic fractions. All fractions showed 
the strong peak at 3400 cm-1 associated to O-H vibrations from phenols, alcohols and 
carboxyl functions as well as N-H vibrations from amides and amines. Apart from it, 
the HpoA spectrum exhibited IR bands of aromatic stretching vibrations of C=C and 
conjugated carbonyl C=O (1620 cm-1) and HpoB fraction showed the peaks at 1640 
cm-1, which was mainly due to the C=O stretching in primary amides. Major spectra 
bands for HpoN fraction were identified as follows: 1654 cm-1 (C=O stretching in 
quinones), 1460 cm-1 (aliphatic C-H deformation), 1384 cm-1 (O-H deformation and 
aliphatic C-H deformation), 1041 cm-1 (C-O-C stretching of carbohydrates), and 802 
cm-1 (out-of-plane bending of aromatic C-H). For HpiA fraction, the band at 1640 cm-1 
observed was mainly due to the C=O stretching in quinones and/or in ketonic acids. 
The other important band observed at 1400 cm-1 was identified as COO- stretching, O-
H deformation and aliphatic C-H deformation. 



































































Figure 4.30 FTIR spectra of (A) HpoA, (B) HpoB, (C) HpoN and (D) HpiA organic fractions 
derived from secondary effluent 
 
As another spectroscopic method, NMR, requires a large amount of lyophilized 
material for a single determination, only HpoA fraction was characterized specifically 
based on NMR spectra due to its much higher concentration in SE compared with 
other fractions. Figure 4.31 shows the NMR spectra of HpoA. Aliphatic structures (0-
45 ppm), phenolic groups (140-160 ppm), aromatic structures (110-160 ppm) 
confirmed by bands at 1620 cm-1 in the FTIR spectra and carboxylic groups (160-185 
ppm) were evident.  









Figure 4.31 13C-NMR spectra for HpoA derived from treated effluent  
 
4.4.3.2 Rejection of Estrone with the Presence of Specific Organic Fractions at 
Same TOC Levels 
As showed previously, DL and CK membranes demonstrated a greater improvement in 
the rejection of estrone in MF filtered SE compared to AK and CG membranes. In this 
part of the study, investigations were firstly conducted to compare the capability of 
each isolated hydrophobic fractions to improve estrone removal using DL and CK 
membranes. The isolated hydrophobic organic fraction which had the most crucial 
contribution to the “enhancement effect” on estrone removal was determined. To 
support the hypothesis that hydrophobic organic fractions could make more 
contribution to the “enhancement effect” on estrone removal by NF/RO membranes 
than hydrophilic organic fractions, a new series of experiments was also set up to 
examine the rejection of estrone in feed solution containing the hydrophilic component. 
To avoid the influence of DOC values, the initial concentration of each organic 
fraction was adjusted to a DOC value of approximately 1 mg/L which was close to the 
concentrations of HpoB, HpoN and HpiA present in the effluents as outlined in Section 
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4.4.3.1. Each solution was adjusted to the same pH (7) and TDS (550 ppm) with NaCl 
in order to isolate the effect of specific organic fraction on estrone removal from other 
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Table 4.13 Rejection of estrone with the presence of different hydrophobic organic 
fractions by DL and CK membranes  
 HpoA HpoB HpoN 
DL Ultimate E1 rejection with specific organic fraction (%) 41.9 18.9 15.1 
 Increment in ultimate E1 rejection (%) 26.6 3.6 -0.2 
 Decrease in permeate flow (%) 4.0 4.3 6.9 
CK Ultimate E1 rejection with specific organic fraction (%) 15.3 12.3 8.7 
 Increment in ultimate E1 rejection (%) 7.1 4.1 0.5 
 Decrease in permeate flow (%) 4.9 5.4 5.8 
 
Figure 4.32 shows the rejection of estrone with the presence of each hydrophobic 
organic fraction (HpoA, HpoB and HpoN) over a 23 h filtration period by DL and CK 
membranes, respectively. The performances of DL and CK membranes in rejecting 
estrone in feed solutions containing different organic fractions are summarized in 
Table 4.13. It is evident that the removal efficiency of estrone in the filtration process 
was noticeably affected by the type of bulk organic matter co-present in the feed water 
matrix. After 23 h of filtration, the estrone removal efficiency in the presence of HpoA, 
for both membranes used, was greatest (41.9% for DL and 15.3% for CK) followed by 
those with the presence of HpoB and HpoN in a descending order. This observation 
indicated that the “enhancement effect” of HpoA on estrone rejection was the highest 
among hydrophobic organic fractions, which could be responsible for the greater 
“enhancement effect” of EfOM on hormone removal observed in this study than that in 
the investigation conducted by Nghiem et al. (2004b) outlined in Section 4.4.2. It is 
speculated that HpoA fraction may account for much higher composition of DOM in 
the treated effluent used in this study (36.6-40.3%) than that in the literature described 
above (data not shown in literature). This phenomenon may attribute to the more 
striking improvement observed in this study than that reported in the literature. In 
addition, efficiencies of estrone separation were also improved with the presence of 
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HpoB, rising from 15.3% to 18.9% for DL membrane and from 8.2% to 12.3% for CK 
membrane. Unlike HpoA and HpoB, the presence of HpoN did not result in any 
obvious increase in estrone rejection for any of the membrane tested, although HpoN 
























































Figure 4.33 DOC rejection for specific organic fractions by (A) DL and (B) CK  
 
As elaborated earlier, the “enhancement effect” of bulk organic matter on the removal 
efficiency of target estrone might be attributed to different reasons. Firstly, 
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hydrophobic organic compounds tend to be adsorbed onto membrane, resulting in pore 
blocking and/or pore constriction, and thus a reduction in transport of estrone 
molecules through the membrane. Secondly, estrone molecules may associate with 
bulk organic matters and form macromolecules in the feed solution. In this case, these 
estrone molecules would be removed together with the bulk organic matters, hence 
resulting in a better removal efficiency of estrone. It can be seen from Table 4.13 that 
the observed reduction in permeate flowrate in HpoN-containing solution was higher 
than that in HpoA-containing solution and HpoB-containing solution for DL and CK 
membranes, implying that the pore blocking by HpoN was more serious. This can be 
explained as follows. The electrostatic repulsion between HpoA and membrane 
resulted in the lowest adsorption of HpoA on membrane and thus the slightest pore 
blockage. HpoB with smallest MW could pass through the membrane pores (according 
to the lowest DOC rejection with HpoB in Figure 4.33) and thus could not experience 
hindrance within membrane. As a result, pore blockage of HpoN was greatest. 
However, it is noted that the presence of HpoN did not lead to any obvious 
improvement in estrone rejection. The combination of the above phenomena indicated 
that under the experimental conditions used in this part of the study, the increment in 
ultimate estrone removal by membranes would most probably be attributed to the fact 
that the binding of estrone by bulk organic matters in feed solutions retarded estrone 
molecules passing through the membrane. Based on this understanding, it could be 
inferred that HpoA and HpoB would bind estrone molecules in feed solutions more 
favourably than HpoN would since the presence of either HpoA or HpoB could lead to 
improvement in estrone removal by membrane while the presence of HpoN could not.  
 
The “enhancement effect” on estrone removal was found to be stronger for HpoA than 
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that for HpoB. This observation could be attributed to the phenomenon that the 
rejection of estrone was affected not only by the interaction between estrone and DOM 
in feed solution, but also by the rejection efficiency of DOM that estrone molecules 
associated with. Under neutral pH operating condition, the membranes used in this part 
of study (DL and CK) were negatively charged. As a result, HpoA with larger MW and 
negative charge could be retained more effectively (Figure 4.33) and thus exerted a 
stronger improvement in estrone removal than HpoB with smaller MW and positive 
charge could. 
 
It is worthwhile to note that the “enhancement effect” of HpoA seemed to be stronger 
for DL membrane than for CK membrane containing less negative-charge. A possible 
explanation might be as follows. According to the above discussion, the interaction 
between estrone and HpoA in feed solution seemed to play an important role in the 
“enhancement effect”. It was evident that the chance of interaction depended on the 
amount of HpoA available in feed solution. Owing to the less negative charge on CK 
membrane surface, electrostatic repulsion between HpoA and CK membrane is weaker 
than that between HpoA and DL membrane, resulting in more HpoA partition from 
feed solution onto CK membrane through hydrophobic interaction during filtration 
process. Consequently, less HpoA molecules are available in feed solution and thus the 
chance of interaction between estrone and HpoA would be slimmer for the case with 
CK membrane than that with DL membrane. This phenomenon in turn led to less 
improvement in estrone removal by CK membrane. 
 
As HpoA could exert the highest improvement in estrone removal by membrane 
among hydrophobic fractions, investigations were conducted next to compare the 
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“enhancement effect” between the two acid fractions: HpoA and HpiA. Estrone 
rejection in the different matrix solutions (single-organic solution, HpoA-containing 
solution and HpiA-containing solution) by DL and CK membranes are presented in 

























































Figure 4.34 Estrone rejection with HpoA and HpiA fractions by (A) DL and (B) CK  
 
It can be seen from Figure 4.34 that the extent of estrone removal efficiency with the 
presence of HpiA was only 15.2% for DL membrane and 8.8% for CK membrane at 
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the later filtration stage. These values were remarkably lower than the corresponding 
data obtained with the presence of HpoA (41.9% for DL and 15.3% for CK, 
respectively) although HpiA was comparable in DOC rejection to HpoA (Figure 4.35). 
Moreover, the addition of HpiA did not result in any obvious influence on estrone 
rejection at the later filtration stage. These results indicated that there may be little 
binding between estrone and HpiA in bulk solution. The above observations also 
supported the idea that hydrophobic organic fractions had more contribution to the 
“enhancement effect” on estrone removal in SE than hydrophilic organic fractions did. 
As a result, it would be reasonable to focus the investigations on the isolated 
























































Figure 4.35 DOC rejection for HpoA and HpiA by (A) DL and (B) CK  
 
Theoretically, phenolic groups in estrone molecules are the most interactive sites due 
to the resonance structures of the aromatic groups and can predominantly participate in 
hydrogen bonding with other molecules (Nghiem et al., 2004b). On the other hand, the 
spectroscopic analyses (Figure 4.30) indicated that all the four organic fractions 
contained carbonyl group (C=O) which could also behave as a weak hydrogen bonding 
group (Thurman, 1985). Thus, estrone molecules might interact with the four kinds of 
EfOM fractions through hydrogen bonding between carbonyl group present in organic 
fractions and phenolic group present in estrone. In addition, estrone molecules might 
also interact with HpoA through hydrogen bonding between phenolic groups of 
estrone and HpoA molecules. These possible hydrogen bonding formations are shown 
in Figure 4.36. 
 










Figure 4.36 Schematic of possible hydrogen bonding between estrone molecule and 
EfOM fractions (A) hydrogen bonding between carbonyl group and phenolic group; (B) 
hydrogen bonding between phenolic groups 
(A-E stand for any possible functional groups within EfOM fractions) 
 
However, combining all the above discussion about the estrone rejection with the 
presence of each specific EfOM fraction (HpoA, HpoB, HpoN and HpiA), the lack of 
significant improvement in estrone rejection with the presence of HpoN and HpiA 
suggested that carbonyl group could not contribute to the hydrogen bonding between 
estrone and bulk organic compounds in feed solution with the extremely low 
concentration of estrone.  
 
More importantly, the findings that HpoA and HpoB which contained higher aromatic 
constitutes could improve the estrone rejection while HpoN and HpiA with lower 
aromaticity did not have any obvious effect on estrone rejection, indicated an 
important role of EfOM’s aromaticity in the binding mechanism between estrone and 
bulk organic matrix. This is consistent with the observation of Yamamoto et al. (2003) 
who found a positive correlation between the aromaticity of DOM and the sorption of 
steroid hormones to organic molecules. Kulikova and Perminova (2002) also observed 
the sorption coefficient (Koc) of atrazine for NOM correlated strongly with the 
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percentage of aromatic carbon present in NOM samples. 
 
It is noteworthy that the presence of HA, which contained much greater aromatic 
carbon compared to HpoA according to their SUVA254 values, produced less 
pronounced improvement in estrone rejection than that with the presence of HpoA 
even if HA concentration (3.5 mg C/L) in the initial feed solution was three times 
higher than HpoA concentration (1 mg C/L). Extrapolating from this finding, it is 
speculated that the specific aromatic functional groups in DOM (such as phenolic 
group in HpoA) rather than the total aromaticity might play a dominating role in the 
interaction between organic matter and estrone in water phase where estrone 
concentration is extremely low (at ng/L level). The different behaviour between HA 
and HpoA on the fate and transport of estrone during membrane separation process 
will be discussed further in Section 4.5 where comparison was conducted based on the 
experiments with a similar initial DOC value present in feed water. 
 
Organic compounds such as aromatic amine are categorized in HpoB fraction (Imai et 
al., 2002). Thus, the improvement in estrone rejection with the presence of HpoB 
might be attributed to the binding of estrone with DOM in feed solution through the 
hydrogen bonding between phenolic group in estrone molecule and aromatic amine 
functional group (such as anilinic group) in the HpoB fraction. The possible hydrogen 
bonding formations are shown in Figure 4.37. 






Figure 4.37 Hydrogen bonding  
between phenolic group and aromatic amine group (A-E stand for any possible 
functional groups within HpoB fraction)   
 
4.4.3.3 Rejection of Estrone with the Presence of Hydrophobic Organic Fractions 
at Their Original TOC Levels in Secondary Effluent  
In addition to the individual characteristics of bulk organic matters, their feed 
concentrations may also affect the rejection of target solute by membranes. In this 
section, experiments were performed to compare the estrone rejection in the presence 
of isolated hydrophobic organic fractions at their original DOC concentrations present 
in treated effluent. Two NF membranes (DL and CK) and one RO membrane (CG) 
were used. It should be noted that the organic fractions used here were derived from 
the corresponding batches of treated effluents which were used in the study described 
in Section 4.4.2 for the specific NF/RO membranes. The results obtained from this 
series of studies are shown in Figure 4.38. Figure 4.39 shows the corresponding DOC 
rejection attained by each membrane. 



























































































Figure 4.38 Estrone rejection with different hydrophobic organic fractions by (A) DL, (B) 
CK and (C) CG  
 
It is apparent that HpoA fraction, for all membranes used, had a greater “enhancement 
effect” on ultimate estrone removal than the other two hydrophobic fractions did. In 
the presence of HpoA, estrone rejection was 45.1%, 21.5% and 39.0% for DL, CK and 
CG membranes, respectively (the reason for DL membrane having better estrone 
rejection than CG membrane is same with what I mentioned in previous section). 
These values were significantly higher than the corresponding results obtained in 
single-organic solutions. This could be attributed to the combination of following 
reasons. Firstly, the structural characteristics of HpoA (phenolic group) allowed 
estrone molecules to bind with HpoA in feed solution through hydrogen bonding, thus 
estrone could be removed together with HpoA. Secondly, HpoA with the highest 
concentration in feed solution would have the highest chance to associate with estrone 
molecules. Thirdly, HpoA with the largest MW of more than 4000 Daltons and 
negative charge could be removed effectively (Figure 4.39), and would therefore led to 
an improvement in estrone removal. Thus, it could be concluded that HpoA fraction 
was the main component which had the greatest contribution to the “enhancement 
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Figure 4.39 DOC rejection for different hydrophobic organic fractions by (A) DL, (B) CK 
and (C) CG  
 
The improvement in estrone rejection by 3 kinds of NF/RO membranes in MF filtered 
SE and in solution with the presence of HpoA at real concentration are compared in 
Table 4.14 where the compositions of HpoA in the corresponding MF filtered SE are 
also presented. For DL and CK membranes, the “enhancement effect” of HpoA on 
estrone rejection accounted for the majority of the total improvement in MF filtered SE. 
This finding further indicated that HpoA fraction was the most crucial contributor to 
the “enhancement effect” on estrone rejection by membranes in treated effluents. 
However, it was noted that the improvement in estrone rejection with the presence of 
HpoA was higher than that in corresponding MF filtered SE for CG membrane. The 
possible reason for this observation could be due to the lower composition of HpoA in 
the batch of MF filtered SE used in the case for CG membrane (36.6%) as compared to 
that in the case for DL and CK membranes (40.3%). As discussed earlier, the binding 
of estrone with HpoA in feed solution had an important role in the “enhancement 
effect” on estrone rejection by membrane. However, in MF filtered SE matrix, HpoA 
could interact with other organic fractions through frictional coupling (with neutral 
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fractions) and neutralization reactions (with positively charged base fractions), apart 
from the interaction with estrone molecules. The interactions between HpoA and other 
organic fractions would interfere with the binding of estrone with HpoA in feed 
solution by occupying interaction sites and/or reducing access to sites by changing 
molecular conformation. It is evident that the lesser the composition of HpoA in the 
original MF filtered SE the more “interference” of other organic fractions would be. 
As a result, in the case of CG membrane, the interaction between other organic 
fractions and HpoA weakened the interaction between estrone and HpoA in feed 
solution and thus decreased the “enhancement effect” on estrone rejection as compared 
with that in HpoA-containing solution.  
Table 4.14 The “enhancement effect” of DOM on estrone rejection in different solutions 
for NF/RO membranes 
 DL CK CG 
Increment in ultimate E1 rejection in 
HpoA-containing solution (%) 29.8 13.3 20.5 
Increment in ultimate E1 rejection in MF 
filtered SE (%) 32.5 21.6 11.6 
Composition of HpoA in corresponding 
MF filtered SE (%) 40.3 40.3 36.6 
 
4.4.4 Effect of Solution Chemistry on the “Enhancement Effect” of 
Hydrophobic Acid Fraction on Estrone Removal 
Changes in aqueous chemistry could affect estrone, HpoA and membrane present in 
the whole filtration system as well as their interactions with one another. Therefore, 
there is little doubt that the influence of HpoA fraction on the elimination of estrone by 
NF/RO membranes would depend on solution chemistry (such as pH, IS and Ca2+ 
concentration). In order to gain insight into the mechanisms underlying the observed 
“enhancement effects” of HpoA on estrone removal, the effects of solution chemistry 
on estrone removal with the presence of HpoA will need to be understood.  The 
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experiments were next conducted to determine how the estrone rejection changes in 
HpoA-containing solution with varying pH, increasing electrolyte (NaCl) 
concentration, and addition of divalent cations (Ca2+). 
 
4.4.4.1 pH Effect 
As disscussed above, the presence of HpoA in feed solution could improve estrone 
rejection efficiency significantly at neutral pH condition. In order to investigate the 
“enhancement effect” at other pH levels, experiments were conducted with DL 
membrane to examine the rejection of estrone in HpoA-containing solution under 
different pH conditions, namely pH 4, pH 7 and pH 10.4. The results obtained from 
these experiments are illustrated in Figure 4.40 and the corresponding DOC rejection 
in HpoA-containing solution is shown in Figure 4.41.  
 
It is noted from Figure 4.40 that the presence of HpoA in feed matrix could 
significantly improve estrone rejection at all pH levels investigated. The “enhancement 
effect” on ultimate estrone rejection at pH 4 (31.9%) was similar to that at pH 7 
(29.8%). As pointed out earlier, the improvement of HpoA in estrone removal may be 
due to two main reasons.  
 
Firstly, one portion of estrone molecules may interact with HpoA macromolecules in 
feed matrix and subsequently be retained together with HpoA. According to this 
assumption, the “enhancement effect” should decrease when reduced association 
between estrone and HpoA in water phase and reduced rejection of HpoA by 
membrane occurred. According to Ghosh and Schnitzer (1980), when pH was 
decreasing from 7 to 4, the most likely structure of HpoA was changed from stretched 
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to spherical and coiled aggregate due to the reduced electrostatic repulsion between 
and/or within HpoA macromolecules. As phenolic groups are less polar and 
hydrophilic than carboxyl groups, phenolic groups tended to face the interior of the 
aggregates and thus became less easily reachable by estrone molecules at pH 4 
condition. As pointed earlier, phenolic functional groups in HpoA might play a 
dominating role in the interaction between HpoA and estrone in water phase. In this 
case, the binding of estrone by HpoA in feed solution at pH 4 was expected to be less 
than that at pH 7. Moreover, when pH was decreasing from 7 to 4, both the HpoA and 
DL membrane were less negatively charged due to the protonation of carboxylic 
groups, resulting in a reduction in charge repulsion between them. Therefore, it is 
evident that HpoA could be removed less efficiently at pH 4 than at pH 7 (Figure 4.41). 
Based on the above discussions, the presence of HpoA at pH 4 would lead to less 
improvement in estrone rejection than the results obtained at pH 7.  
 
Secondly, adsorption of HpoA onto membrane may result in pore size reduction or 
pore blocking, and thus a reduction in transport of estrone molecules through 
membrane. When pH was decreased to 4, both the HpoA macromolecules and DL 
membrane surface were less negatively charged. In this case, deposition of HpoA on 
membrane might have been promoted by a reduction in the electrostatic repulsion 
between them (resulting in more serious pore blocking and thus greater improvement). 
This phenomenon could be supported by the greater permeate flux decline in HpoA-
containing solution observed at pH 4 than that at pH 7 (Table 4.15).  
 
Combination of the above two reasons might account for the similar “enhancement 
effect” of HpoA on estrone removal at pH 4 and pH 7 which in turn implied further 
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that binding of estrone by HpoA in feed solution played a predominant role in the 
“enhancement effect” on estrone rejection by membrane at neutral pH condition. 
 
To further confirm the point that pore blocking due to the deposition of HpoA on 
membrane at pH 4 was more serious than that at pH 7, FESEM was employed to 
investigate the morphological changes after membrane filtration of HpoA-containing 
solution at different pH levels. Figure 4.42 shows the FESEM photographs of skin 
layer surface of new DL membrane as well as DL membrane after filtration tests. 
Comparing the micrographs of membrane after filtration with that of clean membrane, 
it is apparent that although the deposition of HpoA could be visible at both pH 4 and 
pH 7, the change in pH produced deposition layers with remarkable difference. At 
neutral pH, small pieces of HpoA were observed to deposit on the membrane surface 
sporadically. However, the experiment at pH 4 produced aggregates much larger in 
size (up to 13 mµ ) than the experiment at pH 7 did. FESEM micrograph clearly shows 
cake formation on the DL membrane surface after filtration of HpoA-containing 
solution at pH 4. The obtained images indicated that the “sieving effect” of DL 
membrane after filtration of HpoA-containing solution at pH 4 would be more than 
that at pH 7 due to the fact that HpoA deposition provided an additional filtration layer 
on membrane surface.    
 
At pH 10.4, the presence of HpoA in feed matrix enhanced the estrone rejection by 
54.1%. Such considerable improvement might be explained as follows. When pH 
value was elevated to 10.4, about 50% of estrone molecules in the initial feed water 
were dissociated and negatively charged, while the other part of estrone molecules 
remained in their undissociated state. The zeta potential of DL membrane surface was 
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observed to be more negatively charged in HpoA-containing solution than in 
electrolyte solution (Figure 4.43) due to the adsorption of negatively charged HpoA on 
membrane surface (Childress and Elimelech, 1996). However, it should be emphasized 
that at a high pH condition, both HpoA and DL membrane were highly negatively 
charged and are expected to develop pronounced repulsive barriers, which will lead to 
the very limited adsorption amounts of HpoA on DL membrane and hence 
insignificant pore blocking. As a result, no obvious decrease in permeate flux was 
observed after filtration of HpoA-containing solution at pH 10.4 for 23 h (Table 4.15). 
The enhanced negative-charge on membrane surface in the presence of HpoA resulted 
in an increment in the charge repulsion between membrane and the portion of 
dissociated estrone molecules and thus improved the rejection efficiency of estrone. 
What seems worth noting is that the increment in negative-charge on DL membrane in 
the presence of HA (Figure 4.24) was similar to that in the presence of HpoA (Figure 
4.43), while the “enhancement effect” of HA on the ultimate estrone rejection by DL 
membrane at pH 10.4 was only 4.6%. This observation indicated that other reasons, 
which will be discussed below, rather than an increment in membrane surface charge 
would be predominantly responsible for the considerable “enhancement effect” of 
HpoA (54.1%) on the final estrone rejection by DL membrane at pH 10.4. That is, the 
portion of undissociated estrone molecules might interact with highly negative-charged 
HpoA macromolecules present in the feed solution and be retained with the HpoA 
which was removed efficiently during membrane separation process (Figure 4.41) as 
both the DL membrane and HpoA are highly negatively charged at pH 10.4. As a 
result, the presence of HpoA at pH 10.4 would strengthen the effect of charge 
repulsion between estrone molecules and membrane, and therefore led to a 
considerable increment in estrone rejection.  












































































Figure 4.40 Influence of HpoA on estrone rejection by DL membrane at different pH levels (A) 



























Figure 4.41 DOC rejection in HpoA-containing solution at different pH levels by DL 
membrane 
 










Figure 4.42 Scanning electron micrographs of DL membrane surface (A) New DL 
membrane, (B) DL membrane after filtration of HpoA-containing solution for 24 h at pH 4 



























Figure 4.43 Comparison of zeta-potential of DL membrane in electrolyte background 
solution and HpoA-containing solution 
 
In addition, it is noted that the “enhancement effect” of HpoA at pH 10.4 was much 
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greater than the corresponding results obtained at pH 7 (Figure 4.40). According to the 
discussion above, the “enhancement effect” of HpoA on estrone rejection at both pH 7 
and pH 10.4 was mainly attributed to the binding of estrone molecules with HpoA in 
feed solution and subsequently being retained together with HpoA. Thus, the 
improvement should increase with increased association between estrone and HpoA in 
water phase and/or with enhanced rejection of HpoA by membrane. Firstly, it is known 
that with increased pH from 7 to 10.4, HpoA became more negatively charged and 
hence HpoA conformation became more extended. As a result, the binding capacity of 
estrone with HpoA at pH 10.4 might be higher than that at pH 7 as more extended 
structure of HpoA might make the interactive sites within HpoA molecules more 
accessible to estrone molecules. Secondly, HpoA was rejected more efficiently at pH 
10.4 than at pH 7 due to the strong charge repulsion between highly negative-charged 
HpoA and membrane (Figure 4.41). Based on the above discussions, the improvement 
in estrone rejection with the presence of HpoA at pH 10.4 would be much more 
significant than the corresponding data at pH 7. 
Table 4.15 Rejection of estrone with the presence of HpoA by DL membrane at different 
pH levels 
 pH 4 pH 7 pH 10.4 
Ultimate estrone rejection (%) 46.9 45.1 78.8 
Increment in ultimate estrone 
rejection (%) 31.9 29.8 54.1 
Decrease in permeate flow (%) 12.0 7.4 N.A.* 
* Not available 
 
4.4.4.2 Ionic Strength Effect   
Effective charge of weak polyacids depends not only on pH, but also the ionic strength 
(IS) of the solution, which would influence the dissociation of acidic functional groups 
(Illés and Tombácz, 2004; Tombácz et al., 2004). A good understanding of membrane 
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performance for estrone rejection with the presence of HpoA requires research on the 
effects of IS on estrone rejection. In this section, experiments were conducted at 
neutral pH, with NaCl added to achieve the target IS. Figure 4.44 presents the effects 
of HpoA on estrone rejection by DL membrane at different NaCl concentrations.  






















































































Figure 4.44 Effect of HpoA on estrone rejection by DL membrane at different NaCl 
concentrations (A) 8 mM NaCl, (B) 50 mM NaCl and (C) 100 mM NaCl 
 
Table 4.16 Rejection of estrone with the presence of HpoA by DL membrane at different 
ionic strength 
Concentration of NaCl 8mM  50mM 100mM 
Ultimate estrone rejection (%) 45.1 70.3 82.4 
Increment in ultimate estrone 
rejection (%) 29.8 43.4 45.2 
Decrease in permeate flow (%) 7.4 5.8 2.8 
 
It is apparent that the presence of HpoA in feed matrix could significantly improve 
estrone rejection at all NaCl concentrations investigated. Moreover, the ability of 
HpoA to promote estrone rejection showed a dependence on IS level at neutral pH. 
Specifically, the increment in ultimate estrone removal followed the order: 8 mM 
(29.8%) < 50 mM (43.4%) < 100 mM (45.2%). As mentioned earlier, the improvement 
in estrone rejection with the presence of HpoA at neutral pH level could be explained 
by the binding of estrone molecules to HpoA in feed solutions and then being removed 
with HpoA. That is, the enhanced estrone rejection depended on the association 
between estrone and HpoA present in feed solution as well as the extent of HpoA 
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rejection. Both of them are determined by the charge density of HpoA.  
 
The charge density of HpoA fraction was measured by potentiometric titrations. The 
titration curves for HpoA with different IS are presented in Figure 4.45. It can be seen 
that HpoA in aqueous solutions became more negatively charged with increase in both 
pH and IS. This was because alkalizing and electrolyte addition could enhance the 
dissociation of acidic functional groups in HpoA. The trends observed here agreed 





























Figure 4.45 Potentiometric titration curves of HpoA with different ionic strength  
 
Figure 4.46 illustrates the effect of increasing NaCl concentration on DOC rejection in 
HpoA-containing solution. It was noted that the increase in IS appeared to have little 
influence on HpoA rejection by DL membrane. An explanation would be as follows. 
The extent of rejection of negatively charged HpoA would be determined by the 
charge density of HpoA and would also be influenced by the shielding of membrane 
charge by ions present in the feed solution (Schafer et al., 2005). As discussed in 
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Section 4.2.3, DL membrane charges were more efficiently neutralized and/or shielded 
by the counter-ions in solutions with higher IS, which in turn would offset the 
influence from more negative charge of HpoA at higher IS on HpoA rejection by 
membrane. As a result, similar HpoA rejection was observed for NaCl concentrations 




























Figure 4.46 DOC rejection in HpoA-containing solution at different ionic strength by DL 
membrane 
 
In this case, the greater “enhancement effect” at higher IS might be attributed to the 
fact that changes in macromolecular configuration of HpoA with increased IS would 
lead to more association between estrone and HpoA in feed matrix. It is reasonable that, 
with increased IS, the structure of HpoA became more extended due to its more 
negative charge. This more extended structure led to more binding of estrone 
molecules by making the interactive sites within HpoA molecules (phenolic functional 
groups) more accessible to estrone molecules. As a result, the increment in estrone 
rejection increased with increased IS.  
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4.4.4.3 Calcium Ion Concentration Effect  
As indicated above, the interaction between estrone and HpoA depends on the 
available binding sites which are affected by the molecular conformation of HpoA. It 
is known that divalent cations, such as Ca2+ ion, could interact specifically with the 
acidic functional groups (predominantly carboxylic group) of HpoA. Such interaction 
would result in changing of the structure of HpoA from a stretched and linear 
configuration to a coiled and compact configuration. Therefore, it is predicted that 
Ca2+ ion concentration in feed matrix could play an important role in estrone removal 
with the presence of HpoA. In this section, experiments were conducted on DL 
membrane to investigate how the addition of Ca2+ ion would influence the 























































































Figure 4.47 Influence of HpoA on estrone rejection by DL membrane at different Ca2+  ion 
concentrations (A) 0 mM Ca2+, (B) 0.3 mM Ca2+ and (C) 0.6 mM Ca2+ 
 
Figure 4.47 shows the influence of HpoA on estrone rejection by DL membrane at 
different Ca2+ ion concentrations. The membrane performances at later filtration stage 
are summarized in Table 4.17. It is evident that while the presence of HpoA tended to 
increase the rejection of estrone, a higher Ca2+ ion concentration tended to reverse this 
effect. Greater increases in calcium ion concentration produced less obvious influence 
of HpoA on estrone rejection. In particular, the addition of 0.3 mM Ca2+ ion in feed 
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solution resulted in the “enhancement effect” of HpoA on ultimate estrone rejection by 
DL membrane decreasing to 18.0% as compared to the improvement of 29.8% in the 
absence of Ca2+ ions. When Ca2+ ion concentration was increased to 0.6 mM, HpoA 
had no observable improvement in estrone rejection. 
Table 4.17 Rejection of estrone with the presence of HpoA by DL membrane at different 
Ca2+ ion concentrations 
Concentration of NaCl 0 mM  0.3 mM 0.6 mM 
Ultimate estrone rejection (%) 45.1 35.6 35.9 
Increment in ultimate estrone 
rejection (%) 29.8 18.0 0.9 
Decrease in permeate flow (%) 7.4 7.7 7.3 
 
As addressed above, Ca2+ ions interacted specifically through complex formation with 
the acidic functional groups (predominantly carboxylic group) of humic substances 
(Hong and Elimelech, 1997). Such interactions reduced the charge repulsion between 
negative functional groups on HpoA molecules due to the charge shielding and 
neutralization. As a result, the structure of HpoA tended to change from a stretched 
and linear configuration to a coiled and compact configuration with increased Ca2+ ion 
concentration (Clark and Lucas, 1998). According to Clark and Jucker (1993), the 
phenolic groups are less polar and hydrophilic than carboxylic groups, thus phenolic 
groups tend to face the interior of the curled-up structure of HpoA. This would result 
in the interactive sites within HpoA molecules less easily reachable by estrone 
molecules by restricting access to interior sorption sites. In this case, the increase in 
Ca2+ ion concentration would decrease the ability of HpoA to bind estrone molecules 
in feed water. This observation was similar to the results of Schlautman and Morgan 
(1993) who reported that the presence of Ca2+ at neutral pH decreased the ability of 
humic acid to bind perylene. They attributed the finding to the fact that the 
compression of HA structure decreased the size of voids in HA into which target solute 
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could partition. Since the presence of Ca2+ ions was not conducive to the binding of 
estrone by HpoA, the effect of Ca2+ ion concentration, even at relatively low levels, 
was to push estrone rejection towards the “free” estrone limit of rejection obtained in 
the absence of HpoA. The results showed here further confirm that the binding of 
estrone with HpoA through the hydrogen bonding between phenolic group in estrone 
and HpoA in feed solution played a dominating role in the “enhancement effect” of 
HpoA on estrone rejection.  
 
4.5 Relationship between Humic Substances’ Structural Characteristics and 
Their Effects on Estrone Removal by NF/RO Membranes 
It is interesting to note that commercial Aldrich HA and HpoA extracted from treated 
effluents presented striking different effects on the fate and rejection of estrone during 
membrane separation process, although both of them are macromolecules with 
negative charge. Figure 4.48 highlights clearly the different effects of HA and HpoA 
with the similar initial DOC values (3.5-4 mgC/L) present in the feed solution. It is 
apparent that the addition of HA improved estrone adsorption on membrane 
significantly while the “enhancement effect” on estrone rejection was limited (3.8% 
for DL membrane and 5.1% for CK membrane). In contrast to HA, HpoA had 
insignificant influence on the profile of estrone concentration in feed solutions as a 
function of filtration time. This implied that the addition of HpoA would not lead to 
markedly changes in estrone adsorption on membrane. However, estrone rejection was 
remarkably improved by the presence of HpoA with the increment of 30.4% for DL 
membrane and 13.3% for CK membrane.  
 
According to the discussion outlined earlier, the “enhancement effect” of HA on 
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estrone rejection could be attributed to the combination of pore blockage caused by 
HA adsorption on membrane and binding of estrone with HA in solution while the 
binding occurred in water phase appeared to be critically important to the improvement 
in estrone rejection with the presence of HpoA (Figure 4.49). In this case, the 
obviously higher improvement in estrone rejection with the presence of HpoA 
suggested a much greater binding of estrone molecules with HpoA than with HA in 
feed solutions. 


























































































































































































































































































































Figure 4.48 Rejection of estrone with the presence of different humic substances by (A) DL and (B) CK  






Figure 4.49 Schematic illustration of the effects of HA and HpoA on estrone rejection by 
membrane 
 
As shown in Section of 4.3.1 and Section of 4.4.3.1, both the HA and HpoA have 
negative charge and relatively similar molecular weight. Therefore, to understand 
better the different behaviors between HA and HpoA, it is necessary to consider their 
structural characteristics specifically. As mentioned earlier, HA was much more 
abundant in aromatic constituents than HpoA fraction based on SUVA254 values. 
According to NMR spectra, HpoA contained phenolic groups (140-160 ppm) but HA 
did not. These imply that the phenolic functional groups in DOM might be a more 
significant factor in their interaction with estrone in feed solution than total aromaticity.  
 
A possible explanation may be as follows. The binding of estrone to DOM could be 
nonspecific such as hydrophobic interactions or specific such as hydrogen bonding. In 
this experiments, both of HA and HpoA (3.5-4 mg C/L) and estrone (100 ng/L) were at 
environmentally realistic low concentration. In this kind of feed matrix, the hydrogen 
bonding between phenolic groups of estrone molecules and DOM probably contributed 
HA 
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more to the binding than the simply hydrophobic interactions because phenolic groups 
in estrone molecules are the most interaction sites due to the resonance structure of 
aromatic group (Nghiem et al., 2004b). This results in more interaction between 
estrone and DOM in HpoA-containing solution than in HA-solution, and thus more 
“enhancement effect” on estrone rejection with the presence of HpoA. However, in the 
vicinity of membrane, concentration of estrone might be high enough for binding to 
those HA that has been adsorbed on membrane, through hydrophobic interactions. 
This might accounts for the observation that presence of HA improved the adsorption 
of estrone on membrane greatly since HA demonstrated significantly high 
aromaticity/hydrophobicity. 
 
Owing to the fewer binding of estrone with HA in feed solution, pore blocking caused 
by HA adsorption would play a more important role in the improvement on estrone 
rejection. This phenomenon could explain why the greatest “enhancement effect” of 
HA on estrone rejection was observed at pH 4 condition, where pore blockage was 
severest. In contrast, HpoA demonstrated the largest “enhancement effect” on estrone 
rejection at pH 10.4 condition, where the effect of interaction between estrone 
molecules and HpoA in feed solution and subsequently being retained together was 
most intensified. The details have been discussed in Section 4.4.4.1.   
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CHAPTER FIVE 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 
 
In recent years, the interest in the use of reclaimed water for groundwater recharge and 
indirect reuse to augment the drinking water supply is growing in many places of the 
world. However, one needs to be aware of the potential adverse health effect of EDCs 
associated with the treated wastewater when using the reclaimed water. As a result, 
research on how to remove these EDCs from surface water or treated effluent is very 
important for human health around the world. The main purpose of this thesis is to 
investigate the removal mechanism of steroid hormone estrone in the complicated 
water matrix with the presence of other DOM by NF/RO membrane separation 
processes. This chapter summarizes the results of the research work described in the 
previous chapter and suggestions for future work are proposed.    
 
5.1 Summary and Conclusions 
The rejection of estrone by four commercially available NF/RO membranes in single-
organic solution was studied by spiking estrone into electrolyte solution. Results 
demonstrated that, at the initial filtration stage, the excellent removal performances of 
all the membranes could be attributed to their adsorption capabilities and steric 
hindrance. When the adsorption of estrone onto membrane reached an equilibrium, 
size exclusion would become the overriding removal mechanism. At this later stage of 
filtration, AK membrane which had the MWCO value smaller than the MW of estrone 
could effectively remove estrone at about 90%, while rejection of the other three 
membranes (DL, CK and CG) which had the MWCO values larger than the MW of 
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estrone did not reach 20%. Apart from the membrane type, water chemistry (such as 
pH, IS and Ca2+ ion concentration) was also important in determining the extent of 
estrone rejection. It was noted that: 
1) The ultimate estrone rejection by DL membrane at pH 10.4 was higher than its 
corresponding data at pH 4 and pH 7 since the electrostatic repulsion between the 
dissociated estrone molecules and highly negative-charged DL membrane reduced 
the proximity of estrone to the membrane surface. 
2) Estrone rejection tended to increase at higher IS. The removal efficiencies by DL 
membrane were in the order of 100mM NaCl > 50mM NaCl > 8mM NaCl, at the 
later stage of filtration. This could be attributed to the membrane compaction at a 
higher IS.  
3) Similarly, when Ca2+ ion concentration in feed solution was increased to 0.6 mM, 
the ultimate estrone rejection by DL membrane was also noticeably improved.  
 
Apart from the study on estrone rejection in single-organic solution, the rejection of 
estrone in feed solution with the presence of model NOM (dextran and HA) by two NF 
membranes was also investigated. The results suggested that estrone rejection 
depended on the type of NOM co-present in the feed matrix. Dextran without aromatic 
functional groups showed little effects on the fate and transport of estrone during 
nanofiltration processes, and thus the rejection of estrone by membrane. However, the 
presence of HA with great aromaticity improved estrone adsorption on membrane 
significantly as well as estrone rejection, but slightly, by 3.8% for DL membrane and 
by 5.1% for CK membrane. These diverse impacts on membrane performance might 
be attributed to the difference in the aromaticity of DOM for dextran and HA, which 
was related to the affinity of steroid hormone to DOM (Yamamoto et al., 2003) and 
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the adsorption of DOM on membrane polymers. In addition, the experimental results 
showed that the lower the solution pH value, the higher the amount of HA adsorbed on 
DL membrane and the greater the increment in adsorption of estrone on membrane by 
addition of HA. More importantly, it was found that, the presence of HA could 
enhance the rejection of estrone under all the pH conditions investigated in this study, 
with the greatest “enhancement effect” on estrone rejection at pH 4. It was also noted 
that with the elevation of Ca2+ ion concentration in feed solution, the influence of HA 
on the fate and transport of estrone during filtration process was less and less 
noticeable as the addition of Ca2+ ion led to a compacted HA conformation, which 
might restrict the association of estrone with HA. In addition to pH and Ca2+ ion 
concentration, ionic strength in feed solution played a critical role in HA effect on the 
fate and transport of estrone during filtration process. Less noticeable “enhancement 
effect” of HA on estrone adsorption and rejection was observed at a higher IS. 
 
In the next part of this study, the research focus shifted to the treated effluent from the 
synthetic water. The results revealed that estrone removal efficiencies in treated 
effluent for all the NF/RO membranes used were consistently higher than the results 
obtained in a single-organic solution, with the improvement in ultimate estrone 
rejection ranging from 6.5% to 32.5%. To elucidate how the DOM present in the 
secondary effluent matrix affected the target estrone removal more clearly, 
investigations were conducted on the effects of specific organic fractions isolated from 
secondary effluent on estrone removal in organic fraction containing solutions by 
fractionating DOM based on their difference in hydrophobicity and charge properties 
using resin chromatography method (Imai et al., 2002). To eliminate the effect of DOC 
values, experiments with a similar DOC value of 1 mg/L were performed. It was 
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observed that both HpoA and HpoB which contained high aromatic constitutes could 
improve the estrone rejection while HpoN and HpiA with low aromaticity had little 
effects on estrone rejection for all the membranes used. The increment in estrone 
rejection was noted to be most probably attributed to the binding of estrone by DOM 
in feed solutions, which led to an increase in MW and appearance of negative charge 
(for HpoA case) and thus an increased level of estrone rejection. A comparison of 
estrone rejection in HpoA-containing solution with that in HpiA-containing solution 
reinforced the hypothesis mentioned earlier that hydrophobic organic fractions could 
make more contribution to the “enhancement effect” on estrone rejection by NF/RO 
membranes than hydrophilic organic fractions could. Experiments were then 
performed to compare the estrone rejection with the presence of each isolated 
hydrophobic organic fraction at their original DOC concentration in treated effluent. 
The results showed that the highest “enhancement effect” on estrone rejection was 
associated with the presence of HpoA fraction for all the NF/RO membranes studied. 
This phenomenon could be attributed to a combination of several factors: (i) phenolic 
functional groups in HpoA molecules, (ii) highest concentration of HpoA in treated 
effluent, and (iii) larger MW and negative charge of HpoA. Later on, the 
“enhancement effect” of HpoA under various water matrix conditions were 
investigated with varying pH, IS and concentration of divalent cations (Ca2+). The 
following conclusions are drawn with this respect: 
1) The presence of HpoA fraction could significantly improve the rejection of estrone 
under all the pH conditions investigated in this study, with the greatest 
“enhancement effect” at pH 10.4 as a result of strengthening the electrostatic 
repulsion between estrone and membrane. 
2) The ability of HpoA fraction to promote estrone rejection increased with increased 
Chapter Five – Summary, Conclusions and Recommendations 
 173
IS in feed solution at neutral pH level. The explanation for these phenomena is that 
HpoA in aqueous solutions became more negatively charged with increased IS and 
thus became more extended, which created more chances for the association 
between estrone and HpoA in feed solution. 
3) As Ca2+ ion concentration increased, “enhancement effect” of HpoA on estrone 
rejection decreased since addition of Ca2+ ion promoted coiling of HpoA 
macromolecules which would restrict the binding of estrone to HpoA in feed 
solution.  
The above observation on the effects of IS and Ca2+ ion concentration supported that 
the binding of estrone with HpoA in feed solution played a dominating role in the 
“enhancement effect” of HpoA on estrone rejection.  
 
Although the above findings reinforce that aromaticity in DOM’s structure influence 
the binding of estrone with DOM, difference in the enhancement effect on estrone 
rejection between HA and HpoA suggested that phenolic functional groups were more 
important for the binding between DOM and estrone, at an extremely low 
concentration, in aquatic solution and thus for the improvement in estrone rejection by 
membrane.  
            
The results of this research improve mechanical understanding of estrone removal in 
complicated water matrix with the presence of other DOM by NF/RO membranes. The 
major contributions of this thesis are summarized as follows: 
1) It developed the knowledge on the feasibility of adopting membrane technology for 
reclaiming treated sewage, where trace steroid hormone are the prime concern. 
Tight RO membrane with top material of PA can remove estrone efficiently, while 
Chapter Five – Summary, Conclusions and Recommendations 
 174
the removal efficiency of estrone by loose membranes is very low. For these loose 
membranes, the removal efficiency can be enhanced significantly with the presence 
of hydrophobic acids in feed solution. This enhancement is mainly attributed to the 
binding of estrone molecules to HpoA in feed solutions and being removed with 
the negatively charged HpoA macromolecules based on the mechanism of size 
exclusion and charge repulsion.  
2) It provides information on understanding of how DOM affects the fate and 
transport of estrone during membrane separation processes. The results 
demonstrate that the effects of DOM on estrone rejection depend on the structural 
characteristics of DOM (phenolic and/or aromatic amine functional groups) and the 
molecular conformation of DOM which is influenced by the solution chemistry. 
Hence it is necessary to provide the appropriate conditions, such as HpoA-
containing solution with high pH, high IS and low Ca2+ ion concentration, during 
membrane separation processes to achieve satisfactory removal efficiency of 
estrone.     
 
5.2 Recommendations for Further Studies 
Based on the results obtained from this research work, the following are recommended 
for further studies: 
1) The results in this study suggest that phenolic groups in DOM structure may be 
important for the binding of trace estrone with DOM in aquatic solution and thus 
for the improvement in estrone rejection by membrane. Further work would be 
needed to confirm this point using single pure organics with known structure 
containing phenolic group. For example, salicylic acid can be chosen to test the 
possibility of an enhanced estrone rejection with the presence of salicylic acid as 
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salicylic acid is a simple molecule containing a phenolic group and can be 
efficiently removed by NF/RO membrane due to its negative charge. 
2) Owing to the low concentration in secondary effluent, the amounts of HpoB, HpoN 
and HpiA fractions, isolated from treated effluent, were not enough for NMR test. 
Further concentration and purification for these fractions would be necessary to 
correlate their specific functional groups to their influence on estrone removal by 
membrane based on the information collected from NMR spectra. 
3) Establishment of an accurate model for NF/RO performance in process design and 
optimization is needed to meet the increased and extensive usages of NF/RO 
processes. Therefore, another possible avenue of future work is to develop a 
comprehensive model based on the results obtained from this study, for estrone 
rejection in complicated water matrix where other DOM co-present to describe the 
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